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Conventions, which was published in May 1957 (Biochem. J. 1957, 66, 1); also 
Notes on Preparation of Illustrations, which was published in January 1956 
(Biochem. J. 1956, 62). Copies of these pamphlets may be obtained from the 
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The Component Acids of Some Indian Fresh-water Fish Fats 


By S. P. PATHAK anp V. N. OJHA 
Department of Industrial Chemistry, Banaras Hindu University 


(Received 29 October 1956) 


The component acids of fats from different parts 
of bhakur (Catla buchanani) were investigated by 
Pathak & Agarwal (1952). Pathak, Pande & 
Mathur (1954) studied the component acids of body 
and visceral fats from rohu (Labeo rohita) and nain 
(Cirrhina mrigala). The fats obtained from the body 
and viscera of belgagra (Rita buchanani) and from 
the body of hilsa (Clupondon ilisha) comprise the 
present study. These fishes were from the River 
Ganges at Banaras. 


tX PERIMENTAL 


Body and visceral tissues of R. buchanani and body tissues 
only of C. ilisha were separated from the fishes immediately 
after catching, cut into small pieces and exhaustively ex- 
tracted with hot acetone. The extracted material was taken 
up in light petroleum (b.p. 40-60°), leaving the aqueous 
portion. The lipids were recovered from the petroleum 
solution and dried at 100° under reduced pressure. The fats 
were kept in 10 vol. of acetone at 0° to remove the phos- 
phatides. 

The fats were hydrolysed, and the mixed fatty acids 
recovered were resolved into groups of simpler mixtures of 
acids by lithium salt—acetone treatment (Tsujimoto, 1920; 
Tsujimoto & Kimura, 1923) and lead salt-ethanol fraction- 
ation (Hilditch, 1949). Fach group of acids was separately 
converted into methyl esters, with the usual precautions 
(Bjarnason & Meara, 1944), and fractionated at approx. 
0-1 mm. pressure through an electrically heated and packed 
column (Longenecker, 1937). The compositions of the ester 
fractions were calculated from the saponification equivalents 
and iodine values by the method of Hilditch (1949). The 
mean unsaturation, expressed as the number of hydrogen 
atoms short of saturation (e.g. 2-0, monoethenoid), was 
determined as usual by the interpolation and extrapolation 
of the respective ester fractions in each group. The com- 
positions of the original fats were obtained from those of the 
separated groups of fatty acids. 


RESULTS 
The preliminary separation of the mixed fatty acids 
from the fats into groups of acids differing in un- 
saturation, e.g. mostly saturated, mainly mono- 
ethenoid and polyethenoid, was done as described 
above. Three fractions were obtained from the mixed 
acids (91-37 g.) from the body fat of R. buchanani, 
ie. A (25-44g¢., iodine value 6-7), B (43-18 g., 
iodine value 92-96) and C (22-55 g., iodine value 
195-6). Similarly, the visceral fat of R. buchanani 
was divided into two parts, i.e. A (6-9 g., iodine 
13 


value 20-5) and B (15-4 g., iodine value 122-5). In 
the same way the acids of the body fat of C. ilisha 
were divided into three fractions, i.e. A (45-67 g., 
iodine value 7:9), B (45-11 g., iodine value 104-0) 
and C (19-25 g., iodine value 236-2). Subsequent 
fractionation and analysis, as described in the 
ixperimental section, led to the results recorded in 
Table 1. 


DISCUSSION 


Belgagra and hilsa body fats are typical fresh-water 
fish fats; C,, acids predominate in both, 43-8 moles 
% in the former and 37-1 moles % in the latter, 
palmitic acid being the major saturated acid 
component. There are traces of unsaturated C,, 
acids in hilsa body fat, and this has also been 
observed in the body fat of bhakur and rohu fish 
body fats (see Table 2). The body fats of belgagra 
and hilsa have been compared with British fresh- 
water-fish body fats and are recorded in Table 2, 
together with values for a marine fish (herring). 
Similarities in the proportions of saturated and un- 
saturated fatty acids and the mean unsaturation of 
unsaturated acids are observable. 

It is to be noted (Table 2) that the hexadecenoic 
acid content of the Indian fishes belgagra and hilsa 
body fats is 14:3 and 13-9 moles % respectively, 
which is less by about 8 moles % than in the fresh- 
water body fats of fishes from British waters, where 
the hexadecenoic content is conspicuously constant 
at 20 moles %. The palmitic acid contents of the 
Indian fish fats referred to above are 22-2 and 
26-8 moles % respectively, which are both higher 
than the palmitic acid contents of the body fats of 
fresh-water fishes from English waters, e.g. Corre- 
gonus pollan and Esox lucius contain 14-3 and 
13-2 moles % of palmitic acid respectively. Never- 
theless, the total C,, acid contents remain nearly 
constant, i.e. 36-5, 40-8, 34:1 and 34-0 moles % in 
the above four fishes. 

Again, the C,, unsaturated content in the same 
order is 34-9, 28-1, 40-0 and 38-4 moles % respec- 
tively, and the stearic acid content, in the same 
order, is 8-9, 9-0, 1-9 and 0-5 moles %. The total C,, 
acids remain almost constant in the two Indian and 
other two British fish body fats, i.e. 43-3, 37-1, 41-9 
and 40-5 moles % respectively. This may be due to 
the fact that biohydrogenation occurs to a greater 
degree in the fats of Indian fresh-water fishes living 


Bioch. 1957, 66 





194 


Table 1. 


S. P. PATHAK AND V. N. OJHA 


Component acids of Rita buchanani (belgagra) and Clupondon ilisha (hilsa) 


fish (body and visceral) fats 


Percentages do not include the unsaponifiable fraction, which was less than 1% in each. Degrees of unsaturation are 


given in parentheses. 


Saturated acids 
Myristic (C,,) 
Palmitic (C,,) 
Stearic (C,,) 
Arachidic (Cg) 

Unsaturated acids 
Cys 
Cis 
Cis 


‘ 
Ceo 


Cos 


t 





Body fat 





Rita bu 


chanani 


Visceral fat 





Clupondon ilisha 


Body fat 








— Reacts Sat pee ae P 
(wt. %) (moles %) (wt. %) (moles % (wt. %) (moles %) 
4-2 5-0 2-9 3-1 5-7 6-8 
20-8 22-2 21-1 22-8 25:3 26-8 
9-3 8-9 12-0 11-7 9-4 9-0 
Nil Nil Nil Nil 2-0 1-7 
1-4 1-7 0-5 0-6 2-0 2-4 
(-2-0) ( - 2-0) (-2-0) 
13-2 14:3 9-1 10-0 13-0 13-9 
(—2-0) ( — 2-4) (-2-4) 
36-0 34-9 34:3 33-8 29-2 28-1 
(-2-7) ( - 24) (-2-7) 
8-9 79 20-1 18-0 58 5:3 
(-5-6) (-4:3) (-5-7) 
6-2 5-1 Nil Nil 4:3 3-5 
( -6-5) ( -— 10-2) 
Nil Nil Nil Nil 3:3 2-5 
( - 10-2) 





Table 2. Component acids of body fats of some fresh-water fishes 


Results are expressed as moles %, excluding unsaponifiable material. Figures in parentheses show the degree of 
unsaturation. The only marine fish is the herring. The first five are Indian fishes, the remainder are British. 


Rita Clupondon Catla Labeo Cirrhina Clupea Esox Salmo 
buchanani* ilisha* buchananit  rohitat mrigalat harengus§  lucius trutta* 
(belgagra) (hilsa) (catla-catla) (rohu) (nain) (herring) (pike) (trout) 
Saturated acids 
Myristic (C,4) 5-0 6-8 2-9 3-4 1-9 8-3 4:7 3-1 
Palmitic (C,,) 22-2 26-8 29-0 21-2 21-4 12-1 13-2 19-0 
Stearic (C,,) 8-9 9-0 6-5 1-5 3-1 0-3 0-6 4-5 
Arachidic (C9) Nil 1-7 Nil 0-5 Nil Nil Nil Nil 
Unsaturated acids 

Cy 1-7 2-4 0-2 3:7 3°7 0-5 0-8 0-4 
(-2-0) (-2-0) (2-0) (-2-0) (-2-0) (-2-0) (- 2-0) (-2:0) 

Cie 14-3 13-9 25:3 8-1 32-6 6-4 20-8 11-5 
(- 2-0) ( — 2-4) ( -2:7) ( -— 2-2) (-2-2 ( -3-4) ( — 2-0) ( - 2-6) 

Ci, 34-9 28-1 17-9 32-2 29-5 31-1 38-4 38-3 
( -2-7) ( - 2-7) ( - 2-5) ( -3°3) ( -—3-6) (-4:5) ( -2°8) (-3-9) 

Cop 79 5:3 75 12-4 5-0 29-3 15-3 15-0 
( -—5-6) ( -5-7) (-5-7) ( -— 5:2) (-4-9) ( -5:5) (-7°5) ( -7°8) 

Coe 5-1 10-1 10-1 6-7 2:8 23:1 6:3 8-2 
(-65)  (-10-2) (-9-0) (-6-9) (-6-0) (- 4:6) (-7:5) (-10-1) 

Coy Nil 2-5 0-6 0-3 Nil Nil Nil Nil 

(-10-2)  (-11-0) (-9-0) 


* Present authors. 


§ Lovern (1938). 


+ Pathak & Agarwal (1952). 
| Lovern (1932). 


t Pathak et al. (1954). 
© Lovern (1937). 
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Table 3. Component acids of visceral fats of some fresh-water and marine fishes 


The results are expressed as moles %, excluding unsaponifiable material. Figures in parentheses show the degree of 
unsaturation. 


of 





Rita Catla Labeo Cirrhina Clupea 
buchanani* buchananit rohitat mrigalat harengus§ 
Saturated acids 
Myristic (C,,) 31 2-8 1-6 5-7 58 
Palmitic (C,,) 22-8 25-3 26-0 20-1 15-7 
Stearic (Cg) 1-7 7-9 14-6 57 2-8 
Arachidic (Cy») Nil 1-4 3-1 0-5 0-3 
Unsaturated acids 
Cy 0-6 1-4 0-7 4-2 1-4 
(- 2-0) (-2-0) (-2-0) (-2-0) (-2-0) 
Ci. 10-0 10-0 8-6 26-5 10-5 
(-2-0) (-2-7) (-2-7) (-22 (-255) 
Cis 33-8 37-2 30-3 32:3 31-8 
( - 2-4) ( - 2+5) ( -3-7) ( - 2-9) ( - 2-6) 
Cao 18-0 11-9 9-6 5-0 22-4 
(4-0) ( -5-7) (6-3) (-4-0) (-7-1) 
Co Nil 2-1 55 Nil 9-3 
(-9-0) (-9-0) ( - 10-5) 


* Present authors. 
t Pathak et al. (1954). 


in tropical waters, leading to the partial saturation 
of the unsaturated component acids. Aquatic 
animals from tropical fresh waters probably produce 
a fat having a higher melting point. Lovern (1936) 
suggested a similar effect of temperature on tunny 
fat (Thunnus thynnus). 

The nature of the belgagra visceral fat can be 
assessed from the nature and the proportions of the 
component acids (Tables 1 and 3). It shows 
similarities to the typical fats of the fresh-water 
fishes in having C,, acids as the major predominant 
group, palmitic acid being the major saturated acid 
component. The composition of visceral fat is 
somewhat different from that of the body fat in both 
saturated and unsaturated fractions. Unsaturated 
C,. and C,, acids are absent. 

It is interesting to note the gradual increase in the 
relative proportions of the saturated acids of higher 
molecular weight from body to visceral fat in the 
belgagra fish fats (Tables 2 and 3). Stearic acid has 
increased from 8-9 to 11-9 moles % from body to 
viscera. In unsaturated acids, the increase in Cyp 
acids from 7-9 to 19-9 moles % is very marked. It is 
also accompanied by a general decrease in the mean 
unsaturation of unsaturated acids in the visceral 
fats. Some of the other comparisons of fish body and 
visceral fats show similar trends (Tables 2 and 3). 


SUMMARY 


1. The compositions of the body and visceral 
fats from belgagra (Rita buchanani) and the body 
fat of hilsa (Clupondon ilisha) have been studied. 
Lithium salt—acetone and lead salt—ethanol frac- 


+ Pathak & Agarwal (1952). 
§ Hilditch & Pathak (1948). 


tionations were used to separate the fatty acids into 
groups differing in unsaturation. Their compositions 
were studied by methyl ester fractionation. 

2. A comparison has been made of the body and 
visceral fat from belgagra fish. 

3. Comparison has also been made between the 
body fats of Indian and British fresh-water fishes. 
It has been suggested that whereas the fishy 
character of the acids remains the same, there is 
a possibility of biohydrogenation of unsaturated 
acids in the body fats of fishes from tropical waters. 


We are glad to express our thanks to the Research Degree 
Committee of Uttar Pradesh Government (India) for 
awarding a Research Assistantship to one of us (V.N. Ojha) 
which enabled this work to be completed. 
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The Analysis of Urinary 17-Oxo Steroids by Gradient Elution 


By A. E. KELLIE* anp A. P. WADE 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


(Received 15 October 1956) 


The present work was initiated by the observation of 


Reifenstein, Homburger & Dobriner (1950) that 
3a:118-dihydroxy-5f-androstan-17-one (11f-hydr- 
oxyaetiocholanolone), a minor component of the 
urinary 17-oxo steroids, was significantly associated 
with neoplastic growth. The re-examination of this 
problem has led to the development of a micro 
method for the quantitative separation and 
determination of the individual compounds which 
comprise the 17-oxo steroid fraction of urine. 

Callow, Callow & Emmens (1938) first applied the 
Zimmermann (1936) reaction with m-dinitroben- 
zene and ethanolic potassium hydroxide for the 
determination and isolation of androgen meta- 
bolites from urine. Extension and development of 
this work led to the isolation and characterization of 
a large number of urinary steroids, many of which 
were 17-oxo steroids (Dobriner, Lieberman & 
Rhoads, 1948a; Lieberman, Dobriner, Hil!, Fieser 
& Rhoads, 1948; Lieberman, Fukushima & 
Dobriner, 1950). In contrast to the large-scale work 
of the American investigators, Dingemanse, Huis 
in’t Veld & De Laat (1946) described a method for 
the analysis of the 17-oxo steroid fraction which 
could be applied to a urine sample smaller than 
a 24hr. sample. The fraction was adsorbed on 
alumina and the individual compounds were eluted 
from the alumina with benzene containing in- 
creasing concentration of ethanol; the ethanol 
concentration was increased stepwise. This method 
in its original form and in the many modifications 
to which it gave rise (Robinson & Goulden, 1949; 
Zygmuntowiez, Wood, Christo & Talbot, 1951; 
Pond, 1951) has been of great value in the study of 
17-oxo steroid metabolism. 

The essentials of a reliable method for the 
analysis of the urinary 17-oxo steroid fraction are 
quantitative extraction, complete separation of 
compounds, unequivocal identification and precise 
determination. The existing methods do not fulfil 
these requirements and, in particular, are unsuited 
to the determination of the 11l-hydroxy-17-oxo 
steroids. Three main improvements have been 
introduced. 

The 17-oxo steroids are excreted almost ex- 
clusively in the conjugated form as glucuronides 


* British Empire Cancer Campaign Research Fellow. 


and as sulphates, and difficulty is experienced in 
bringing about the hydrolysis of these compounds. 
The traditional use of hot-acid hydrolysis is un- 
satisfactory as it introduces artifacts of dehydration 
and substitution and rapidly destroys the 11- 
hydroxy 17-oxo steroids. This difficulty has been 
overcome by enzyme hydrolysis, a preparation from 
the visceral hump of the limpet (Patella vulgata) 
being used as a source of B-glucuronidase (Dodgson 
& Spencer, 1953; Stitch & Halkerston, 1953). 
Although this preparation also contains a sul- 
phatase capable of hydrolysing steroid sulphates, 
Roy (1956) has shown that this sulphatase is 
specific for compounds possessing the 38-hydroxy- 
A® structure or the 38-hydroxy-5« structure and 
does not hydrolyse 3«-hydroxy-5«-androstan-17- 
one sulphate (androsterone sulphate) or 3a-hydroxy- 
5f8-androstan-17-one sulphate (aetiocholanolone 
sulphate), both of which are present in the 17-oxo 
steroid sulphate fraction of urine. For this reason 
enzyme hydrolysis of the sulphate conjugates has 
not been possible and the two kinds of conjugates 
have been hydrolysed consecutively, first the 
glucuronides by enzyme attack and subsequently 
the sulphates by adjusting the enzyme hydrolysate 
to pH 1 and extracting continuously with ether for 
48 hr. (Lieberman, Mond & Smyles, 1954). The total 
17-oxo steroid liberated by this combined procedure 
was at least as great as that obtained by hot-acid 
hydrolysis. Before hydrolysis the steroid con- 
jugates were extracted from urine (Edwards, 
Kellie & Wade, 1953); this step not only eliminated 
much of the non-steroid matter present in urine, but, 
as the dry conjugate extract could be dissolved in 
a small volume of buffer, it enabled much higher 
concentrations of 8-glucuronidase to be used. 

Most workers have used adsorption chromato- 
graphy on alumina to separate the individual 17-oxo 
steroids, and have eluted with benzene and sub- 
sequently introduced more hydrophilic solvents, in 
a stepwise manner, to elute the more tenaciously 
held compounds. Hagdahl, Williams & Tiselius 
(1952) have pointed out that only with compounds 
which have a linear-adsorption isotherm is it 
possible to develop a column in this stepwise 
manner satisfactorily; in the adsorption of 17-oxo 
steroids on alumina this is far from true, and the 
elution is always associated with ‘tailing’ which, in 
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many cases, prevents the separation of closely 
related compounds. Lakshmanan & Lieberman 
(1953, 1954) applied the gradient-elution principle 
to the chromatographic separation of 17-oxo 
steroids on alumina and showed that it was possible 
to eliminate ‘tailing’ and achieve greatly improved 
separation. This gradient-elution principle has been 
used in the present method, but in place of the 
complex apparatus originally suggested a simple 
device has been introduced which enables the 
chromatographic separation to be achieved auto- 
matically. A further advantage of gradient elution 
is that it enables adsorbed compounds to be eluted 
from the column in a small volume of eluent. 

A further adverse criticism of methods based upon 
the Dingemanse system is that the identity of the 
compounds is assumed according to their position in 
the chromatogram. Although it is true that with 
adequate precaution the elution of pure compounds 
from alumina-adsorption columns can be made with 
fair reproducibility, so that the main compounds of 
a normal urine may be tentatively identified in this 
way, interest rests chiefly on abnormal elution 
patterns where no certainty of identification exists. 
In the present method alternative methods have 
been suggested which enable the identity of com- 
pounds determined to be established. When 
sufficient material (100 ng.) was available the indi- 
vidual 17-oxo steroids were characterized by com- 
paring the infrared-absorption spectra of the com- 
pounds eluted from the column with those of 
standard reference compounds (Dobriner eé al. 
19486). When insufficient material was available for 
identification in this way, paper chromatography of 
the free 17-oxo steroids and the complexes which 
these compounds form with m-dinitrobenzene 
(Kellie & Smith, 1956) provided an alternative 
method of confirming identity and purity. 


MATERIALS 


B-Glucuronidase. This was prepared as powder B of 
activity 10° units/g. from the visceral hump of the limpet 
(Patella vulgata) according to Dodgson & Spencer (1953). 

m-Dinitrobenzene (British Drug Houses Ltd., specially 
purified). This was recrystallized twice from ethanol and 
used as a 1% (w/v) solution in ethanol. 

Ethanolic 2-5N-KOH. This solution, prepared and used as 
recommended by Wilson (1954), may be stored for several 
weeks without significant rise in reagent blank value. 

Other materials. Alumina (Savory and Moore Ltd., 
London): the water content was adjusted to 4.5%; sodium 
acetate (A.R.) buffer pH 4-0, 0-5m; KH,PO, and Na,SO, 
anhyd. (A.R.); (NH,),SO, (Laboratory reagent grade); 
solvents: ether, and dry benzene (laboratory-reagent grade) 
were distilled before use; ethanol: RR grade (James 
Burroughs Ltd., London); Alundum chips (Norton Abrasive 
Grain Co., Worcester, Mass.); vials: 4dram (2 ml.) and 
1 dram (4 ml.) metal-cap fitting (Johnsen and Jorgensen, 
London). 
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EXPERIMENTAL 


Extraction of conjugated steroids from urine 


The urine is collected without preservative and should be 
extracted while still fresh. Solid (NH,),SO, is added to the 
urine sample (50 g./100 ml. of urine) and the mixture is 
shaken in a separating funnel until all solid has gone into 
solution. No adjustment of pH is necessary. The resulting 
solution is then extracted with 3:1 ether-ethanol mixture 
(3 x 4 of the original urine volume); it is wise to allow a clean 
separation of the liquid phases at each stage to promote 
rapid filtration of the extracts and to avoid the accumulation 
of aqueous phase in the combined extracts. When emulsions 
are encountered these can usually be broken by running off 
the aqueous layer and reshaking the emulsion vigorously or 
by increasing the volume of the ether-ethanol mixture to 
1 vol. for each extraction. The combined ether—ethanol 
extracts after filtration (Whatman no. 1) are freed, if 
necessary, from traces of aqueous phase and are evaporated 
to dryness under reduced pressure (1 em. Hg) and below 
40°. A few pieces of Alundum greatly facilitate distillation, 
and whilst ether and ether-ethanol mixtures are being 
received distillation is rapid. Towards the end of the process 
distillation slows down because of the increasing water 
content of the distilled liquid. At this stage the receiver is 
emptied and ethanol is added to the distilling flask. When 
distillation is complete a yellow-brown gum is obtained 
which should be free of crystalline (NH,),SO,. To ensure the 
removal of the last traces of this compound the residual dry 
gum is dissolved in absolute ethanol (approx. one-tenth of 
the original urine volume) and filtered into the vessel used 
for enzyme hydrolysis. The ethanol is removed below 40° 
or by evaporation under a jet of N,. If correctly carried out 
this procedure gives a residue which in aqueous solution 
does not give a sulphate precipitate with BaCl,. The 
reliability of this process for extracting 17-oxo steroids has 
been checked on many occasions. Determinations of 17-oxo 
steroids carried out on such extracts, with appropriate 
correction for background, gives values which are at least as 
great as those obtained by applying the same procedure to 
urine. Furthermore, the extracted urine contains no 
measurable amount of steroid. It is advantageous to 
extract the urine with as small a volume of ether-ethanol as 
is necessary to complete the extraction of 17-oxo steroid 
conjugates, as increase in the volume of the extracting 
solvent increases the amount of contaminating solid- 
extracted. The weight of conjugate extracts obtained by 
progressively decreasing the volume (V,) of ether—-ethanol 
used to extract a fixed volume (V,,) of urine was as follows. 
V,=V,,, 364mg. (446 wg.); V.=2V,, 286mg. (434yg.); 
V.=4V,,, 196mg. (457yg.); V,=}V,, 102 mg. (410 yg.). 
The figures in parentheses, which refer to the amounts of 
17-oxo steroids extracted, show that extraction with 4 vol. 
of ether—ethanol is satisfactory. As the extract is obtained 
without adjustment of pH and without excessive rise of 
temperature the process may be suitable for the extraction 
of corticosteroid and other unstable conjugates. 


Hydrolysis of 17-oxo steroid glucuronides 


It is convenient to carry out the enzyme hydrolysis of the 
glucuronides and the subsequent extraction in stoppered 
tubes (B24 standard ground-glass joint) which will with- 
stand centrifuging. The dried residue of conjugates (half of 
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24 hr. urine sample) is dissolved in 0-5M-sodium acetate 
buffer (pH 4-0, 25 ml.) and KH,PO, (200 mg.) added. The 
enzyme preparation powder B (100 mg.; 100 000 units) is 
homogenized in sodium acetate buffer (20 ml.) and added to 
the solution of conjugates, and the remaining enzyme solu- 
tion washed in with a further portion of buffer (5 ml.). 
Penicillin G (80 000 units) is added and the hydrolysis is 
carried out at 40° for 16 hr. At higher enzyme concentrations 
(20 000 units/ml.) hydrolysis was virtually complete after 
Lhr. (91-95%) and complete at 2hr., but overnight 
hydrolysis with a B-glucuronidase concentration of 2000 
units/ml. is used asa convenient procedure. After incubation 
the free steroids are extracted with benzene (2 x 20 ml., 
1 x 10 ml.) and centrifuged at 2000 rev./min. for 2 min. to 
break the emulsion, and the benzene layer is removed by a 
Pasteur pipette. The combined benzene extracts are washed 
with N-NaOH (3x5ml.) and with water until neutral. 
After drying over anhydrous Na,SO, the benzene is removed 
and the fraction assayed for 17-oxo steroid content. This 
procedure hydrolyses the 17-oxo steroid glucuronides 
completely but leaves the sulphate conjugates intact. 


Hydrolysis of 17-oxo steroid sulphates 


During benzene extraction of the enzyme hydrolysate, 
the 17-oxo steroid sulphates remain in the aqueous phase. 
Chis layer is diluted to a convenient volume (100 ml.), the 
pH value is adjusted to 1-0 with HCl and the resulting 
solution is extracted continuously with ether in a liquid 
liquid extractor for 72 hr. The efficiency of this process as 
a means of hydrolysing steroid sulphates has been examined 
with 38-hydroxyandrost-5-en-17-one sulphate (dehydro- 
epiandrosterone sulphate; 500 ug.) as a model compound. 
Recovery of the free 17-oxo steroid was as follows: 48 hr., 
87-0%; 72 hr., 94-6%. The ether layer, which contains 
the hydrolysed 17-oxo steroids, is washed with n-NaOH 
(3 x 10 ml.) and with water until neutral. After drying over 
anhydrous Na,SO, the ether is removed and the fraction 
assayed for 17-oxo steroid content. 


Determination of 17-oxo steroids 


In order to determine small amounts of 17-oxo steroids, 
the Zimmermann reaction as used by Callow et al. (1938) has 
been scaled down to cover two additional ranges. In these 
determinations the quality of the ethanolic KOH is of 
paramount importance and the reagent blank must be low. 

One-quarter scale ; 0-50 yg. of 17-oxo steroid. On this scale 
the reaction is conveniently carried out in screw-capped 
vials (4 ml.) to prevent evaporation. The material to be 
assayed is transferred to a vial, dissolved in 1% (w/v) m- 
dinitrobenzene (0-1 ml.) and ethanolic 2-5N-KOH (0-05 ml.) 
is added. After mixing by rolling the tube, the contents are 
maintained at room temperature for 1 hr. and are then 
diluted with ethanol (2-5 ml.). These determinations are 
conveniently carried out in batches of ten, with a simul- 
taneous reagent blank and standard (15 yg. of dehydroepi- 
androsterone), and provide enough material to be read in a 
1 cm. cell of a prism spectrometer (Unicam 600). Readings 
are made at 440, 520 and 600 my and a background correc- 
tion is made as recommended by Allen (1950). Provided the 
ethanolic KOH blank is low and a standard is run simul- 
taneously it has not been found necessary to control the 
ambient temperature. 


One-twentieth scale; O0-l0yg. of 17-oxo steroid. This 
reaction should also be carried out in screw-capped vessels 
(2 ml.). The material to be assayed is transferred to a vial, 
dissolved in 0-02 ml. of 1% m-dinitrobenzene and 0-01 ml. 
of ethanolic KOH is added. A simultaneous blank and 
standard (5 ug.) determination is made and after 1 hr. the 
reaction mixture is diluted with ethanol (0-5 ml.). Determi- 
nations on this scale are not as precise as those on the 
quarter-scale method but they supply sufficient material to 
fill the micro cell (0-5 ml.) of a Spekker absorptiometer, 
a spectrum green filter (Ilford 604) being used, and are used 
after chromatography as a guide in grouping fractions for 
more precise determination. 


Gradient-elution chromatography 


The chromatographic separation of the hydrolysed 17-oxo 
steroids is carried out on an alumina-adsorption column 
with a gradient of ethanol in benzene. Experience has shown 
that the moisture content of the alumina is important and 
that for good separation it should be between 4 and 5%. 
This moisture content refers to the loss in weight on heating 
2 g. of alumina in a shallow weighing bottle at 100° for 
16 hr.; alumina which has a lower moisture content than 
this may be made suitable by pipetting the required volume 
of water directly on to the alumina exposed in shallow trays. 
If the alumina is then mixed intimately for 2 hr. and the 
moisture content confirmed it can be used directly. This 
simple procedure was found to be more convenient and 
satisfactory than the elaborate process of exposure to 
solutions with vapours of known relative humidity. 
Provided the flow rate through the column does not exceed 
25 ml./hr. the particle size of the alumina does not appear to 
be critical. 

The column (35 em. x 0-6 em. inside diameter) is fitted at 
the top with a B14 standard ground-glass joint and has a 
capillary outlet (6 cm. x 0-2 em. inside diameter) drawn to 
a fine point. When being filled, the column is closed at the 
outlet and filled with benzene; a small plug of cotton wool is 
pushed into position at the shoulder of the capillary and the 
alumina (6 g.) poured into the benzene in the dry state and 
allowed to settle under gravity. The outlet of the tube is 
opened and the column tapped uniformly and gently until 
the alumina has settled (height of column, 21 cm.). The 
17-oxo steroid gum is transferred to the alumina column in 
benzene (3 x 0-2 ml.), and when the material has been 
adsorbed the column is filled with benzene. 17-Oxo steroids 
are not eluted from alumina with benzene and it is possible 
to obtain a very narrow starting zone which does not move 
until the ethanol gradient reaches it. As the hydrolysis of 
the glucuronides and sulphates is achieved independently, 
the free 17-oxo steroids from each source may be analysed 
separately or after combination. Whichever procedure is 
adopted the amount of material placed on the column is 
restricted to a maximum of | mg. of total 17-oxo steroid as 
determined by the Zimmermann reaction. 

The apparatus for applying the gradient to the column 
(Fig. 1) consists of two reservoirs, a donor and 4 recipient 
vessel connected by a capillary siphon which passes through 
a small hole blown in the shoulder of the recipient vessel. 
The column is fed from the recipient vessel, which initially 
contains 0-2% of ethanol in benzene but which receives 
progressive enrichment from the donor. The contents of the 
recipient vessel are stirred. 
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The gradient reservoirs are filled independently whilst the 
column is prepared. The recipient vessel consists of a 
cylindrical separating funnel of 120 ml. capacity (Quickfit 
and Quartz no. D 1/22) holding 110 ml. of benzene con- 
taining 0-2% of ethanol, and the donor, which is fixed to 
the side of the recipient vessel by adhesive tape, consists of 
a large boiling tube (17 cm. x 2-4~2-5 em. internal diameter) 
holding 65 ml. of benzene containing 2% (v/v) of ethanol. 
Although the volumes quoted are not critical it is important 
that the levels in donor and recipient vessels are equal before 
being connected; if necessary the effective area of cross- 
section of the donor can be reduced by inserting glass rods. 
The capillary siphon connecting the two reservoirs (0-1 cm. 
internal diameter) is filled with liquid of the same composi- 
tion as that in the recipient vessel and is inserted in position. 
This arrangement will not work satisfactorily, without 
modification, when the density of the donor liquid is greater 
than that of the recipient liquid. 

The reservoirs are placed in position on the column and the 
apparatus is mounted over the fraction collector with the 
stirrer in position and, in order to minimize evaporation 
losses, with the fine outlet from the column inside the 
counterpoised siphon of the fraction collector. The stirrer 
should reach down as far as the outlet of the capillary and 
should be driven by a spark-free induction motor. The 
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Fig. 1. Apparatus for separation of 17-oxo steroids by 
gradient elution. 
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development of the chromatogram is started by opening the 
tap of the recipient vessel. The eluent from a column of this 
type (6 g. of alumina; 21 cm. x 0-6 cm. internal diameter) 
runs at 10-12 ml./hr. and development is completed over- 
night, producing 80-85 fractions (2 ml.). These are collected 
in flat-bottomed vials (4 ml.) which are placed in wooden 
trays and taken to dryness overnight in a steam oven (shelf 
temperature 60°). The contents of the vials are redissolved in 
ethanol (2 ml.) and small portions are removed from each 
(one-tenth from fractions containing the major compounds 
dehydroepiandrosterone, androsterone and aetiocholanol- 
one; one-quarter from all other fractions) for assay by one- 
twentieth-scale Zimmermann reaction. 

Although requiring little labour this procedure takes 
some time, and for most clinical purposes a column of 3 g. 
of alumina (10 cm. x 0-6 cm. internal diameter) is satis- 
factory; the eluent from such columns runs at 20—25 ml./hr. 
and the development is complete in a working day. Further- 
more, as little evaporation takes place, the small fractions to 
be taken from each vial may be removed as they become 
available and evaporated to dryness overnight with the main 
fractions. The only disadvantage of these smaller columns is 
that the two compounds 3«-hydroxy-5f-androstane-11:17- 
dione (11-oxoaetiocholanolone) and 3«:118-dihydroxy-5«- 
androstan-17-one (118-hydroxyandrosterone) are not com- 
pletely separated from each other. At the end of each 
gradient chromatogram the column is eluted with 10% 
(v/v) of ethanol in benzene mixture (20 ml.) to remove 
small amounts of 17-oxo steroid still remaining on the 
column. 





RESULTS 

Fig. 2 has been constructed from the figures 
obtained by one-twentieth-scale Zimmermann 
reactions on the small portions removed from the 
main vials and serves as a guide for the bulking of 
the main fractions according to the clearly defined 
peaks. Provided the water content of the alumina 
remains unaltered and large stocks of donor and 
recipient solutions are made initially, the position of 
these peaks remains very constant, but cannot in all 
circumstances be relied upon as a means of identifi- 
cation. Again, although the figures obtained by 
one-twentieth-scale Zimmermann reaction give an 
indication of the amounts of various compounds 
present, the precise determination and the identifica- 
tion of the compounds is carried out on the re- 
maining material. 

The fractions combined according to the peaks 
of the graphs (Fig. 2) are again taken to dryness 
and redissolved in ethanol. Appropriate volumes 
(containing approx. 10yg.) are taken from each 
sample and these are assayed by one-quarter-scale 
Zimmermann reaction, the absorption being read at 
three wavelengths, 440, 520 and 600 mp, and an 
Allen correction applied. Fractions are removed 
from the same solutions for paper chromatography. 


Identification of compounds 


Source of standard compounds. No difficulty was ex- 

perienced in obtaining synthetic specimens of dehydroepi- 
. ‘ . ty 

androsterone, androsterone and aetiocholanolone. The 
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17-Oxo steroid excretion patterns of urine from a normal male subject. (a) Chromatogram of glucuronide fraction; 


(6) chromatogram of sulphate fraction. D, Dehydroepiandrosterone; A, androsterone; E, aetiocholanolone; OA, 


1l-oxoandrosterone; OE, 11-oxoaetiocholanolone; 


HOA, 11f-hydroxyandrosterone; HOE 11f8-hydroxyaetio- 


cholanolone; O, a mixture containing androstane-3:17-dione and aetiocholane-3:17-dione; X, unknown. 
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starting material for the preparation of 11-oxygenated-17- 
oxo steroids was urine from two cases of adrenal tumour and 
from patients receiving cortisone therapy. In the latter 
instance the cortisone metabolites (‘17-oxogenic’ steroids) 
appearing in the urine were oxidized by sodium bismuthate 
(Norymberski, 1952) to the corresponding 17-oxo steroids. 
Steroid gums from these sources after conventional ex- 
traction and purification stages gave a ketonic fraction 
relatively rich in 11-oxygenated-17-oxo steroids which, by 
gradient-elution chromatography on alumina, yielded 
milligram amounts of 11l-oxoaetiocholanolone (I); 11£- 
hydroxyandrosterone (IV) and 118-hydroxyaetiocholanol- 
one (III). These compounds, identified by infrared- 
absorption spectroscopy against reference samples, were 
used as standards in the subsequent methods of identifica- 
tion. 
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Fig. 3. Infrared-absorption spectra of 11-oxoaetiochol- 
anolone. Upper curves, 11l-oxoaetiocholanolone from 
urine; lower curves, 11-oxoaetiocholanolone (authentic 
specimen). 





Methods of identification. When the amount of material 
permitted, identification was made by infrared-absorption 
spectroscopy with a Perkin-Elmer double-beam spectro- 
meter (model 21) with micro cells (3 mm. optical path, 
0-06 ml. capacity) and compensation of solvent absorption 
by variable space cell. Fig. 3 exemplifies the comparison of 
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the infrared-absorption spectra with a reference sample of 
1]-oxoaetiocholanolone (200 yg.) and corresponding material 
from a typical urine chromatogram. The spectra show 
absorption due to the hydroxyl group, the ketonic groups at 
Cyx and C7) and the characteristic ‘fingerprint’ region. 
No difficulty was experienced in establishing the identity of 
the 11-deoxy-17-oxo steroids but the relative insolubility of 
118-hydroxyandrosterone and 11f8-hydroxyaetiocholanol- 
one in CS, prevented direct comparison. The difficulty was 
overcome by forming the 3-acetate derivative in each case. 

When analysing 1 mg. of total 17-oxo steroid or less there 
is insufficient material to characterize the minor components 
by infrared spectroscopy. Under these circumstances 
identity and purity can be confirmed by running small 
amounts of the combined sample (5-l0yg.) on paper 
chromatograms against standard reference compounds. The 
11-deoxy-17-oxo steroids run satisfactorily on the Bush A 
system (Bush, 1952): dehydroepiandrosterone, Ry, 0-32; 
androsterone, R, 0-56; aetiocholanolone, Rp 0-43. The 11- 
oxygenated 17-oxosteroids can be identified on the Bush B, 
system: 3a-hydroxy-5«-androstane-11:17-dione (11-oxo- 
androsterone, II), 20-70; 11-oxoaetiocholanolone, R»p 0-64; 
118-hydroxyandrosterone, Ry, 0-50; 118-hydroxyaetio- 
cholanolone, R, 0-40. In these Bush systems benzene was 
substituted for toluene to permit rapid removal of solvents 
after the paper chromatogram had been developed; the 
compounds were revealed by dipping successively into 2% 
(w/v) m-dinitrobenzene and ethanolic 2-5n-KOH and 
drying in a current of warm air. When insufficient material 
was available for determination and independent identifica- 
tion, the Zimmermann complex, present in the solution used 
for the determination, was used to identify the compound 
measured (Kellie & Smith, 1956). The same Bush chromato- 
graph systems which are used for the free 11-oxo steroids 
may be used to identify the Zimmermann complexes. Only 
ethanolic 2-5N-KOH is necessary to develop the colour of 
the complexes which have the following R, values. System 
A: dehydroepiandrosterone, R, 0-23; androsterone, Ry» 
0-46; aetiocholanolone, R, 0-33. System B,: 11-oxoandro- 
sterone, R, 0-88; 11-oxoaetiocholanolone, R, 0-83; 11f- 
hydroxyandrosterone, R, 0-78; 118-hydroxyaetiocholanol- 
one, R, 0-70. 


Composition of the glucuronide fraction 

The value of mild hydrolytic procedures and 
gradient elution for the analysis of 17-oxo steroids 
is evident from the clean separation of the individual 
compounds of the glucuronide fraction (Fig. 2). 
There is a noticeable absence of artifacts of de- 
hydration and substitution, and the complete 
resolution of androsterone and aetiocholanolone, 
and particularly of the 11-oxygenated derivatives of 
these 17-oxo steroids, is a marked improvement. on 
that obtained by previous workers with the Dinge- 
manse alumina column in the absence of a gradient. 
A further advantage of the method described is the 
small volume of eluent (170 ml.) necessary to 
complete the development of the column; this is of 
practical importance as it eliminates the need to 
evaporate a large number of bulky fractions. 
Evaporation of the chromatogram fractions over- 
night frequently left dehydroepiandrosterone, 
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androsterone, aetiocholanolone and 11-oxoaetio- 
cholanolone in crystalline form. More than 300 
urinary 17-oxo steroid glucuronide fractions an- 
alysed have shown the same general pattern and, as 
all the compounds identified in this fraction have 
been characterized previously by large-scale isola- 
tion studies, the main advantage of the method is 
that it enables a quantitative analysis to be carried 
out on small urine samples. 

There is little doubt that the composition of the 
glucuronide fraction is more complex than the 
graph (Fig. 2) indicates. Examination, by paper 
chromatography, of the small amount of Zimmer- 
mann-positive material eluted from the column in 
front of androsterone usually showed the presence of 
at least two compounds. The material adjacent to 
androsterone, which in early experiments was 
present in the glucuronide fraction in varying 
amounts, was readily identified as dehydroepi- 
androsterone. Subsequently, by adding 0-03m- 
KH,PO, to the f-glucuronidase enzyme digest as 
an inhibitor of limpet sulphatases, only trace 
amounts of dehydroepiandrosterone were present 
and it is probable that in normal subjects little, if 
any, of this compound is conjugated with gluc- 
uronic acid. An incidental advantage of adding 
phosphate is that pigment formation is greatly 
reduced. The remaining 17-oxo steroid component 
from this region of the alumina chromatogram was 
eluted slightly in front of dehydroepiandrosterone 
and was more easily isolated after the use of phos- 
phate. On alumina and on paper chromatograms 
the material behaved as a single compound; in 
running properties it resembled the Cy, -diones 
5a-androstane-3:17-dione and 5f8-androstane-3:17- 
dione, which are difficult to separate. Similar 17- 
oxo steroid material is present, in higher proportion, 
in the sulphate fraction. 

The identity of androsterone and aetiocholanol- 
one was established by infrared records which 
showed the strong absorption of the 17-oxo group 
(1740 cm.~!) and gave the characteristic absorption 
in the ‘fingerprint’ region (1200-800 cm.-!). 
Nevertheless, more than one normal urine has been 
encountered which yielded a crystalline specimen of 
androsterone which gave an additional weak band at 
1674 cm.-1, corresponding to trace amounts of ap 
unidentified compound containing a A‘-3-ketone 
group. Infrared methods were also used to charac- 
terize the four 1l-oxygenated 17-oxo steroids, 
although this was not normally possible on isolated 
urine samples. 11-Oxoandrosterone was impure 
when eluted from the column and as it is a minor 
component of all urines it was necessary to combine 
small samples from several urines for infrared 
examination. The accumulated material after re- 
chromatography on alumina was still impure when 
examined by paper ‘chromatography, but the 
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component which had the same R, value (0-70) 
as an authentic specimen of 11-oxoandrosterone 
gave two peaks in the carbonyl region at 1740 
and 1705 cm.-! (authentic compound 1745 and 
1707 cm.-"). The ‘fingerprint’ region of the com- 
pound isolated from urine was not identical with 
that of the reference compound. The presence of 
a small absorption peak at 1674 em.—1 (A*-3-ketone) 
is further evidence that the material was still 
impure. 

The compound 11£-hydroxyaetiocholanolone has 
been found in all the urines examined, and a com- 
parison of the urinary excretion of this compound 
by normal subjects and patients with neoplastic 
disease will be published elsewhere. 

The small amounts of Zimmermann-positive 
material finally eluted from the columns with 
ethanol in benzene (10%, v/v) have not been 
identified. 


Composition of the sulphate fraction 


The main compounds in this fraction were de- 
hydroepiandrosterone, androsterone and _ aetio- 
cholanolone. The destructive effect of hot-acid 
hydrolysis was more marked on the sulphate 
fraction than on the complementary glucuronides. 
Whereas in the latter fraction destruction was 
largely confined to the dehydration of 11-hydroxy- 
17-oxo steroids to form A*!! compounds, hot-acid 
hydrolysis of the sulphates not only brought about 
extensive dehydration and substitution which 
affected the three main components but there was 
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Fig. 4. A comparison of methods of hydrolysing 17-oxo 
steroid sulphates from urine. Chromatogram of 17-oxo 
steroids obtained by: - - - - - , hot-acid hydrolysis (30% 
HCl, v/v, at 100° for 10 min.); ——, continuous extrac- 
tion with ether at pH 1. (D, Dehydroepiandrosterone; 
A, androsterone; E, aetiocholanolone.) 


also substantial loss of total 17-oxo steroids. This is 
shown in Fig. 4, which gives a comparison of the 
hydrolysis of a urine sulphate fraction by hot-acid 
hydrolysis (30% HCl, v/v, at 100° for 10 min.) and 
by continuous ether extraction at pH 1. The latter 
method was slow but the product was virtually free 
from the artifacts invariably associated with hot- 
acid conditions. As an alternative, steroid sul- 
phates can be more rapidly hydrolysed at room 
temperature by a mixture of anhydrous dioxan and 
trichloroacetic acid (Cohen & Oneson, 1953). The 
free 17-oxo steroids obtained by this method were 
also relatively free of artifacts but it was difficult to 
ensure the dryness of reagents and urine fractions 
necessary for consistent results. It is clear that the 
use of hot-acid hydrolysis in any quantitative 
method is undesirable. 

The 17-oxo steroid eluted in front of the dehydro- 
epiandrosterone in the sulphate fraction was in- 
distinguishable from the corresponding material in 
the glucuronide fraction. In behaviour on alumina 
and on paper chromatograms this material re- 
sembled the Cy, -3:17-diones. Material (approx. 
0-5 mg.) from several normal urines purified by 
rechromatography on alumina was resolved into 
three components on paper chromatograms with the 
Bush A system. The major component, which had 
the same R, value as a reference standard of 5z- 
androstane-3:17-dione, when examined by infrared- 
spectrographic methods gave absorption peaks at 
1739 and 1708 cm.~! in the carbonyl region. This is 
consistent with the C,—C,,-dione structure of 5z- 
androstane-3:17-dione and its 5-8 epimer, but in the 
‘fingerprint’ region the record was not recognizable 
as either compound. The two minor compounds 
have not been identified. 

The analysis of the sulphate fraction gave in- 
different separation in that region of the chromato- 
gram where the 1l-oxygenated 17-oxo steroids 
normally appear. With sulphate fractions from 
normal urines the peaks of the alumina chromato- 
grams were usually ill-defined, and in the sub- 
sequent paper chromatography only 11-oxoaetio- 
cholanolone could be recognized. After the ad- 
ministration of cortisone, 118-hydroxyaetiochol- 
anolone has also been found in the sulphate fraction. 


Applications of the method 


The method has been in general laboratory use for 
three years and has been applied to many normal 
and pathological urines. In the latter, considerable 
variation in the composition of the glucuronide and 
sulphate fractions has been encountered without 
adverse effect on the separation of the individual 
steroid compounds. The simultaneous presence of 
other steroid metabolites does not appear to inter- 
fere and little, if anything, is gained by carrying out 
a Girard separation. It is important to stress that 
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the chromatograms (Fig. 2) are based, in each case, 
on the analysis of 1 mg. of 17-oxo steroid mixture 
and that they do not represent the absolute amount 
of the compounds present in the urine; for a com- 
parison of the amounts of 17-oxo steroid excreted, 
whether in total or in the form of either conjugate, 
the amount of total 17-oxo steroid present as 
glucuronide and as sulphate must be taken into 
consideration. 

The results shown in Table 1 were obtained by 
applying the method to a group of normal male 
subjects (six, 21-43 years old) and normal female 
subjects (six, 18-29 years old). Duplicate analyses 
carried out on one of the latter group showed good 
agreement. For identification and determination 
a minimum of 10 yg. of 17-oxo steroid from any 
individual chromatogram peak is necessary. Assum- 
ing that 1mg. of total 17-oxo steroid can be 
obtained from one-tenth of a 24 hr. urine specimen, 
any compound excreted in amounts greater than 
0-1 mg./day and resolved by the column can be 
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determined. The accuracy of the determination is 
probably not better than +5% for minor com- 
ponents. The figures of this small group of normal 
subjects shows the wide variations in excretion 
which occur within the normal range. 

A selection of results obtained by analysis of 
urine samples from patients suffering from adrenal 
and other endocrine disorders (Table 2) illustrates 
the usefulness of the method for diagnostic pur- 
poses. A noteworthy feature of these results is the 
increased excretion of 11-hydroxy-17-oxo steroids 
in the patient with Cushing’s syndrome. As 
previous methods of analysis based upon hot-acid 
hydrolysis would have destroyed these compounds, 
it is still uncertain whether this is a general finding 
ornot. According to current ideas the 11 B-hydroxy- 
and 11-oxo-aetiocholanolone arise from corti- 
costeroid or other C,, steroid precursors (Dorfman, 
1954), but the significance of the raised excretion 
of 118-hydroxyandrosterone is at present un- 
known. 


Table 1. Analysis of 17-oxo steroid fractions from urine of normal subjects 


Figures are expressed as mg. equivalents of dehydroepiandrosterone and are not corrected for variations in molecular 


‘ 


extinction coefficient. P, Compounds, mainly C,,-diones, eluted before dehydroepiandrosterone; D, dehydroepiandro- 
sterone; A, androsterone; E, aetiocholanolone; OA, 1l-oxoandrosterone; OE, 11-oxoaetiocholanolone; HOA, 11/- 
hydroxyandrosterone; HOE, 118-hydroxyaetiocholanolone. Unidentified material was eluted from the chromatograph 
column with 10% (v/v) ethanol in benzene. G, Conjugated as glucuronide; 8, conjugated as sulphate. 


mg./24 hr. 





‘ \ 
Uniden- 








No. Sex Age _ Fraction is D A 
1 M. 21 G* 0-30 0-18 4-15 
S Insufficient material 
2 M. 25 $ 0-28 0°35 4-54 
Ss 0-03 0-42 1-16 
3 M. 28 G 0-02 0-38 1-72 
8S 0-02 1-52 0-41 
4 M. 29 G 0-03 0-37 3°25 
Ss 0-08 0-32 0-77 
5 M. 36 G 0-43 0-50 1-75 
Ss 0-71 2-07 0-95 
6 M. 43 G* 0-28 0-00 1-90 
Ss 0-36 0-25 0-34 
7 F. 18 G 0-03 0-36 3°10 
8 0-13 1-40 0-83 
8 F. 20 G* 0-18 0-24 2-39 
Ss 0-25 0-57 0-54 
9 F. 25 t 0-24 0-80 2-87 
S 0-04 1-34 1-21 
10 F. 26 G* 0-00 0-07 2-62 
8S 0-17 0-97 0-72 
1] F. 26 G* 0-07 0-27 3°23 
8S 0-01 0-71 0-53 
12 F. 29 G 0-07 0-38 2-38 
8S 0-15 1-25 0-55 


‘ 
* KH,PO, (0-03M) present in enzyme digest as sulphatase inhibitor. 


E OA OE HOA HOE tified Total 
5-06 0-14 0-94 0-43 0-41 0-29 = 11-90 
1-40 

4-54 0-10 0-64 0-46 0-15 0-21 11-27 
0-65 0-23 0-05 2-54 
4-34 0-10 0-52 0-36 0-20 0-19 7-83 
0-04 0-13 0-06 2-23 
3-10 0-07 0-48 0-41 0-26 0-14 8-11 
0-40 0-18 0-06 1-81 
2-97 0-13 0-77 0-40 0-50 0-20 7-65 
0-63 0-25 0-15 4-82 
2-90 0-13 0-82 0-44 0-52 0-27 7-26 
0-21 0-25 0-09 1-50 
3-85 0-13 0-66 0-41 0-41 0-36 9-31 
0-45 0-27 0-11 3-19 
4-48 1-26 0-58 0-43 0-35 9-91 
0-24 0-20 0-16 1-96 
3°57 0-10 0-78 0-45 0-38 0-31 9-50 
0-53 0-30 0-19 3-61 
5-44 0-02 ° =1-06 0-57 0-56 0-30 8610-64 
0-76 22 0-04 2-88 
4-66 0-16 1-35 0-23 0-09 0-27 10-33 
0-62 0-24 0-13 2-24 
5-22 0-09 0-55 0-16 0-33 0-23 9-41 
0-40 0-26 0-18 2-79 
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DISCUSSION 


The method described provides a reliable procedure 
for the quantitative analysis of the 17-oxo steroid 
fraction of normal and pathological urines. Im- 
proved methods of hydrolysing steroid conjugates, 
which are an essential prerequisite for quantitative 
work, have been chosen to avoid the formation of 
artifacts and simplify the problem of chromato- 
graphic separation. The consecutive hydrolysis of 
glucuronides and sulphates, whilst increasing the 
time necessary for complete analysis, gives addi- 
tional information about the form of conjugation 
of the 17-oxo steroids determined. The method is 
not intended to be a routine procedure but can 
be applied to daily urine specimens. 

The improved chromatographic separation of 
closely related compounds is primarily due to the 
use of the gradient-elution principle. The failure of 
the Dingemanse system to separate, for example, 
the epimers androsterone and aetiocholanolone 
completely is due to the fact that in the system 
benzene-ethanol-alumina these compounds have 
curved adsorption isotherms and are eluted as 
unsymmetrical peaks with pronounced ‘tailing’ 
and overlapping. The slight gradient of ethanol in 
the benzene which constitutes the eluting solvent 
offsets this effect and the compounds are eluted as 
separated symmetrical peaks. It is important to 
realize that if ‘tailing’ is absent or has been sup- 
pressed and overlapping of symmetrical peaks still 
occurs, the gradient elution principle will not 
further aid separation. This is consistent with the 
theoretical treatment of this problem by Drake 
(1955). 

Many factors influence the behaviour of the 17- 
oxo steroids adsorbed on an alumina column under 
gradient elution, and for this reason the procedure 
adopted is based upon an empirical study of the 
separation of an artificial mixture of those 17-oxo 
steroids occurring in the glucuronide fraction, 
under varying experimental conditions. Reference 
has been made to the effect of the moisture content 
of the alumina, but this is only one of several factors 
which can be varied to influence the movement and 
separation of compounds. These factors include the 
percentage of ethanol in the donor and recipient 
reservoirs, the dimensions of the reservoirs and the 
column and the flow rate. Of special interest is the 
ratio of the areas of cross-section of the reservoirs, 
for by varying this ratio the shape of the gradient 
curve may be made convex, linear or concave and 
suited to the particular requirements of the mixture 
to be analysed. Experimental treatment of the 
several effects of these variants upon the separation 
of 17-oxo steroid mixtures is beyond the scope of 
this paper, but such knowledge is essential for any 
radical change in the procedure. 
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The formation of a red pigment, presumably 
indigo red (Dobriner et al. 1948a), occasionally 
complicates the determination of 17-oxo steroids 
eluted from the alumina. This difficulty rarely 
arises in the analysis of the glucuronide fraction if 
phosphate is present during hydrolysis, and in the 
sulphate fraction the effect is restricted to a few 
fractions (1-3) immediately preceding the elution 
of dehydroepiandrosterone, in which region the 
narrow band of pigment is eluted. The absorption 
spectrum of the pigment resembles that produced 
by the 17-oxo steroid Zimmermann reaction and 
absorption at 520 my cannot be neglected. When 
the amount of pigment is small, blank determina- 
tions carried out on additional portions of the 
chromatogram fractions without the addition of 
m-dinitrobenzene or ethanolic potassium hydroxide 
or both may be used to compensate for non-specific 
absorption; nevertheless, the safest procedure is to 
carry out a Girard separation on the total 17-oxo 
steroid fraction before chromatography. This 
difficulty does not arise with urines from healthy 
young people but has been encountered in urine 
samples from elderly normal subjects and from 
patients after surgical removal of endocrine glands. 
Usually in these circumstances the excretion of 
17-oxo steroids is low and larger proportions of the 
daily output have to be processed. 


SUMMARY 


1. A new method for the quantitative analysis 
of the 17-oxo steroid fraction of urine has been 
described which avoids the formation of artifacts 
during hydrolysis of conjugates and which gives 
improved separation of individual 17-oxo steroids. 

2. The hydrolysis of the 17-oxo steroid gluc- 
uronides has been achieved with £-glucuronidase 
prepared from limpets (Patella vulgata) and, sub- 
sequently, that of 17-oxo steroid sulphates by 
continuous extraction of an acidified aqueous 
solution with ether. The separate chromatographic 
analysis of material liberated by these processes 
has given information on the form of conjugation of 
individual 17-oxo steroids. 

3. The application of the gradient-elution 
principle to the Dingemanse system for the chro- 
matographic analysis of 17-oxo steroid mixtures 
has given improved separation, particularly of the 
1l-oxygenated 17-oxo steroids, all of which have 
been found in normal urine. 

4. The identity of the separated 17-oxo steroids 
has been established by infrared spectroscopy and 
by the application of paper chromatography to the 
free 17-oxo steroids and to the complexes which 
these compounds form with m-dinitrobenzene. 

5. Results obtained by the analysis of urine 
samples from a group of normal subjects and from 
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patients suffering from various forms of adrenal 
dysfunction are presented. 


We are grateful to Dr T. F. Gallagher, Sloan Kettering 
Institute, New York, and to the Medical Research Council 
Steroid Reference Collection (Dr W. Klyne) for samples of 
the 11-oxo and 11-hydroxy-17-oxo steroids. We should also 
like to express our thanks to Sir Charles Dodds for his 
interest in this work. 
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The Isolation of Oestrone from the Urine of Cows in Late Pregnancy 
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The identification of the oestrogens secreted into the 
circulation of the cow, and also of those excreted, is 
of importance because it might lead to a greater 
understanding of the function of oestrogens in this 
species and in mammals generally. Since also it is 
known that different oestrogens are excreted by the 
human, the horse and the goat (Marrian, 1930; 
Marrian & Bauld, 1955; Girard, 1933; Klyne & 
Wright, 1956; Pincus & Thimann, 1955; Rodd, 
1953), the interest in studying those of the cow is 
enhanced. 

Pearlman, Rakoff, Cantarow & Paschkis (1947) 
have isolated oestrone, mainly present as the free 
phenol, from the gall-bladder bile of pregnant cows 
in amount approximating to 0-6 mg./l. Szego & 
Roberts (1946) and Pope & Roy (1953) have also 
reported oestrogenic activity in extracts of bovine 
pregnancy blood and colostrum respectively, in 
amounts equivalent to about 5yg. of oestradiol- 


178/l. in each. Cow’s urine, particularly during late 
pregnancy, also yields oestrogenic extracts (Smith, 
Dickson & Erb, 1956). We have confirmed these 
findings in initial experiments with blood, colostrum 
and urine, and have found urine of late pregnancy to 
be much the richest source of oestrogen; this has 
therefore been investigated first. 


METHODS AND RESULTS 
Materials and bioassay 
Materials. Diethyl ether was shaken with aqueous 
FeSO,-H,SO, solution to decompose peroxides (Vogel, 
1948), although in the final stages of the work peroxide-free 
ether (May and Baker Ltd.) was used without any treat- 
ment. Toluene was a ‘low-in-sulphur’ grade (Hopkin and 
Williams Ltd.). Inorganic reagents were of analytical 


reagent quality. Celite 545 (Johns-Manville and Co. Ltd.) 
was used for chromatographic columns and was recovered 
for re-use by heating in air at 600°. Alumina was washed 
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with water, then with methanol and heated at 100° for 
19 hr. and 160° for 10 min.; the pH of a specimen shaken 
with water was then 7. Melting points were determined on 
a Kofler block. 

Late-pregnancy urine was from Shorthorn, Friesian and 
Guernsey cows of the National Institute for Research in 
Dairying herd, all being more than 9 months’ pregnant. Urine 
was obtained in batches from single urinations or, when more 
convenient, as 24hr. collections from individual cows. 
Batches were then preserved with toluene and were processed 
individually. They were not stored for longer than 3 days. 

Bioassay. Oestrogenic activity was determined by the 
mouse uterine-weight method of Pope & Roy (1953), the 
extracts being dissolved in 50% aqueous propylene glycol. 


Chromatographic evidence for the presence of oestrone 
and more hydrophilic oestrogens in late-pregnancy 
urine 


Isolation of the total phenol fraction. Urine (500 ml.) was 
mixed with toluene (1/10 vol.), brought to boiling point, 
then cone. HCl (1/7 vol.) was added and the mixture refluxed 
for 1 hr. It was then cooled to room temperature, saturated 
with NaCl and extracted with ether (4x 1/4 vol.). The 
ethereal solution was washed with saturated aqueous 
NaHCO, (2 x 1/15 vol.), then with water (2 x 1/30 vol.) and 
dried over Na,SO, and evaporated to dryness, yielding an 
extract (1-4 g.). This extract was dissolved in toluene 
(100 ml./g. of extract) and the solution extracted with 
aqueous N-NaOH (4 x 1/4 vol.). The alkaline extracts were 
pooled, brought to pH 8-0 with conc. HCl, saturated with 
NaCl and extracted with ether (4 x 1/3 vol.). The ethereal 
solution was dried over Na,SO, and evaporated to dryness, 
yielding the total phenol fraction. 

Removal of steam-volatile phenols. The total phenol 
fraction was mixed with water (100 ml.) and the water 
distilled off at approximately 15 mm. mercury pressure, 
leaving a residue of non-vuiatile phenols (I) with an oestro- 
genic activity greater than 0-04 mg. of oestradiol-178 
equivalent/1. of urine. 

Fractionation of non-volatile phenols. A partition-chro- 
matographic column of 2-5 cm. diameter was made by the 
method of Martin (1949) from Celite 545 (80 g.) and bottom 
phase (40 g.) of the B(3) solvent system of Bush (1952). The 
solvent system had first been equilibrated at 28° and the 
column was packed and operated at this temperature. The 
remainder of the non-volatile phenols (I), four-fifths of the 
total, in solution in the minimum volume of top and bottom 
phases of the B(3) system, was then placed on this column 
and the top phase eluted. Fraction 1 of eluate was 150 ml., 
fractions 2-13 were each 50 ml., fractions 14-16 each 200 ml. 
Finally the column was ‘stripped’ free of organic matter by 
running methanol through it. The methanol strippings 
comprised fraction 17. Each fraction was evaporated to 
dryness and the residues were tested for oestrogenic activity. 
Activity was found in fractions 4-6 and in fractions 16 and 
17. Fractions 4-6 contained a total of about 0-13 mg. of 
oestrogen/I. of urine, expressed as oestradiol-178, and were 
further examined as described below. Examination of the 
more hydrophilic oestrogens of fractions 16 and 17 was 
postponed. 

Separation of ketones by the Girard method. Fractions 4-6 
were then combined and ketones separated from non- 
ketones by the method of Girard & Sandulesco (1936). 
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Acetic acid (0-5 ml.) was added to the combined fractions, 
followed by Girard T reagent (0-126 g.); and the mixture 
then heated at 100° for 30 min., cooled and added to water at 
0° containing anhydrous Na,CO, (0-41 g.) in solution. The 
resulting precipitate was extracted into ether (3 x 30ml.); 
the ether phase washed with water (10 ml. at 0°) and dried 
over Na,SO, ; then the ether was distilled off, yielding the 
non-ketone fraction (II). The aqueous phase, together with 
the water washing (10 ml.), was then mixed with conc. HCl 
(3 ml.) and left at 20° for 24 hr. It was then extracted with 
ether (3 x20ml.) and the ether solution washed with 
aqueous saturated NaHCO, (10 ml.) and dried over Na,SO,. 
Distillation of the solvent yielded the ketone fraction (IIT). 

Paper chromatography. Aliquots (1/50) of (II) and (IIT) 
and 10 yg. of oestrone were run on Whatman no. 2 paper at 
28° by the descending method with the B(3) solvent system 
of Bush (1952). After drying the paper, the solvent front 
(visible in ultraviolet light) was marked and the paper 
sprayed with aqueous 5% K,CO, and dried at 40-50°. The 
paper was then sprayed with a diazonium solution prepared 
by the following method (Boscott, 1951). A 1% solution 
(1 ml.), cooled to 5°, of p-aminopheny] 2-diethylaminoethyl 
sulphone in aqueous 3-5N-HCl was mixed with aqueous 
5% NaNO, (5 ml.) also at 5°. The mixture was kept at 0° for 
10 min., then aqueous 5 % K,CO, (20 ml. cooled to 0°) added, 
after which it was used immediately. The paper was then 
dried at 40-50° in air, when oestrone gave a pink spot 
(R» 0-59). The ketonic fraction (III) gave a spot (R, 0-58) 
identical in colour with that given by oestrone. Fraction (II) 
gave no such spot. The paper was then sprayed with aqueous 
n-KOH and dried at 40—50° in air, when the pink spots from 
oestrone and (IIT) both deepened to the same mauve colour. 
In ultraviolet light both spots appeared dark. 


Isolation of oestrone from late-pregnancy urine 


Urine (54 1.) was then processed in batches of up to 13 |. as 
collected, by methods similar to those described above. The 
paper-chromatogram method for detecting the oestrone- 
like substance was used frequently throughout the work. 
A sequence of these methods found to be satisfactory is 
described below. 

The total phenol fraction (13-6 g.) from two batches of 
urine (21 |. in all) was shaken and warmed to 60° with water 
(500 ml.), toluene (100 ml.) and benzene (400 ml.). The 
solution was cooled to 20°, decanted from insoluble matter 
and the lower layer extracted with fresh benzene (500 ml.). 
The combined benzene-—toluene layers, on evaporation of 
the solvent, yielded a red oil (5 g.), giving by the Girard 
method 1-7 g. of ketonic material which was then chromato- 
graphed on a partition column (5 cm. diameter) made from 
Celite 545 (400 g.). The paper-chromatogram technique was 
used to select the particular phenolic ketone fraction (IV) 
rich in the oestrone-like substance. 

Further fractionation of product (IV) and similar material 
was then achieved either by vacuum sublimation or by 
chromatography on an alumina column. The latter method 
was more effective and is described in greater detail. 

High-vacuum sublimation. In two experiments, fractions 
such as (IV) were sublimed in a simple molecular still at 
10-* mm. mercury pressure, 100° heating-bath temperature 
and with an approx. 0-5cem. gap between material and 
condenser. The sublimates yielded crystals (V, 3-8 mg.) 
m.p. 247-5-249°. The R, of this substance on paper chro- 
matograms was equal to that of oestrone. 
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Chromatography on alumina. Products (IV) and (V) and 
similar material, totalling approximately 150 mg., were 
combined and extracted from benzene solution (100 ml.) 
into aqueous N-NaOH (4 x 25 ml.); the combined aqueous 
solutions were brought to pH 8-4 with conc. HCl and ex- 
tracted with ether (4 50 ml.). The ether solution was 
washed with saturated aqueous NaHCO, (5 ml.), dried over 
Na,SO, and the solvent evaporated, yielding a phenolic 
fraction (90 mg.) which was submitted to the Girard 
procedure, giving a partly crystalline phenolic ketone 
fraction (37 mg.). This material was chromatographed on an 
alumina column (5 g.; 0-5 em. diameter). It was put on the 
column in benzene (15 ml.) and elution continued with 
benzene. Fractions 1 and 2 (200 ml., 50 ml.) yielded gummy 
matter on evaporation of the solvent, but fractions 3-7 
(175, 200, 150, 150 and 50 ml.) yielded crystals, which 
appeared by paper chromatography to contain oestrone. 

Fractions 3-7 when collected together weighed 13 mg. 
This crystallized from 1 ml. of 5% methanol in benzene in 
needles (8 mg.). Further fractional crystallization from 
ethyl acetate yielded: (1) needles (4 mg.), m.p. 247-—253°; 
(2) erystals (1 mg.), m.p. 243-248°. Product (1) had m.p. 
247—251° [when mixed with oestrone, m.p. 251—253° (L. Light 
and Co. Ltd.: synthetic specimen)], and had the same 
oestrogenic activity as oestrone by the Allen—Doisy test 
with rats and by the mouse uterine-weight test. 

Products (1) and (2) were then mixed, dissolved in 
aqueous N-NaOH (4 ml.) by shaking and filtered through 
Whatman no. 50 paper; the paper was washed with aqueous 
n-NaOH (1 ml.). Dimethyl sulphate (1-7 ml.) and 10n- 
NaOH (1-5 ml.) were then added to the filtrate in small 
portions alternately. The crystalline precipitate (4-1 mg.) 
which formed was collected by filtration, dissolved in 
benzene and the solution filtered. The residue from the filtrate 
after evaporation crystallized from ethanol in almost 
colourless, rhombohedral prisms (VI, 3-5 mg.), m.p. 168— 
169-5°, undepressed when mixed with a specimen of oestrone 
methyl ether, m.p. 168—169-5° (VII). The infrared spectra of 
(VI) and (VII) in KBr disks, when recorded on a Grubb- 
Parsons double-beam spectrophotometer, were identical. 


DISCUSSION 


The presence of oestrone, and also of other unidenti- 
fied oestrogens more hydrophilic than oestrone, in 
acid-hydrolysed urine from cows in late pregnancy 
is thus shown. It is not known whether these 
oestrogens are present in the original urine as the 
free phenols or as derivatives. Oestrone is, for 
example, present as the sulphate in pregnant 
mare’s urine (Schachter & Marrian, 1938). 

The results of paper chromatography of the 
phenolic ketone fractions from late-pregnancy 
bovine urine may be used to estimate the quantity 
of oestrone present. Visual comparison of the azo- 
dye spots from one phenolic ketone fraction with 


those from known quantities of oestrone indicated 
0-36 mg. of oestrone/l. of urine. Similarly, in the 
extraction of 21 |. of urine described in detail it was 
estimated that approximately 5 mg. of oestrone was 
present in the phenolic ketone fraction (IV), or 
0-24 mg./l.of urine. Itseems likely that with a photo- 


electric scanner oestrone could be estimated with at 
least + 20 % accuracy in 10-50 ml. specimens of late 
pregnancy urine. Some success has already been 
achieved in estimating ¢soflavones in this way as the 
azo-dye spots (Pope & Wright, unpublished work). 

It was noted in the course of the work that the 
Bush (1952) chromatographic systems, when used 
in conjunction with the diazonium reagent de- 
scribed in this paper, were excellent for the separa- 
tion and detection of the steroid oestrogens oestriol, 
oestradiol-178 and oestrone in quantities of about 
5yg. In fact lpg. of these steroids could be 
detected on the chromatograms without difficulty. 
For oestriol the C system (Bush, 1952) is con- 
venient, with Whatman no. 2 paper at 28° and the 
descending method, R, being 0-22; whereas for 
oestradiol and oestrone the B (3), or even better, the 
B (1) system, is suitable. In the B (1) system by the 
descending method at 28° and Whatman no. 2 
paper, oestradiol has R, 0-33, oestrone 0-69. It was 
found necessary to equilibrate the papers in the 
tanks for at least 3 hr. before running. 

Chromatograms run at 28° on no. 2 paper by the 
descending method with C or B(1) system ran 
quickly and evenly (approximately 30 cm. in 4 hr.) 
and gave round spots. The B (3) system, containing 
the more volatile benzene in place of toluene, 
tended to give slower-running and uneven chro- 
matograms, owing probably to slight temperature 
variations in the room having a greater effect on 
this more volatile system. 

Two points of chemical interest were noted in the 
course of the work. When oestrone acetate was 
chromatographed on alumina, treated as described 
in this paper, with light petroleum, benzene and 
ether as eluting solvents, complete hydrolysis to 
oestrone occurred. Many other hydrolyses and 
other reactions are known to occur when organic 
compounds are chromatographed on alumina 
(Lederer & Lederer, 1953). The second observation 
was that the infrared spectra of different specimens 
of oestrone, when examined in the crystalline state 
in potassium bromide disks, were not identical. We 
attributed this to polymorphism, which, it is known 
(Kofler & Hauschild, 1934), does occur with 
oestrone. The phenomenon has already been noted 
with other steroids existing in polymorphic forms 
(Dickson, Page & Rogers, 1955), and is presumably 
due to differences in hydrogen bonding. We hope to 
examine the spectra of the three polymorphs of 
oestrone in more detail. 


SUMMARY 


Oestrone has been isolated from acid-hydro- 
lysed urine of cows in late pregnancy in amounts of 
approximately 0-3 mg./l. At least one other more 
hydrophilic oestrogen is also present. 
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Sterol Metabolism 


1. THE BIOSYNTHESIS OF [4C]JERGOSTEROL IN CARPENTELES 
BREFELDIANUM DODGE 


By J. GLOVER anp W. M. F. LEAT 
Department of Biochemistry, University of Liverpool 


(Received 1 October 1956) 


Ergosterol, uniformly labelled with radiocarbon 
(4C), was required for studies on the absorption and 
metabolism of sterols in the guinea pig, preliminary 
results on which have already been published 
(Glover, Leat & Morton, 1954). The preparation of 
[4C]ergosterol having a high specific activity has 
been described by Hanahan & Al-Wakil (1952). 
They grew the yeast, Saccharomyces cerevisiae, on a 
coenzyme A-deficient medium for 24 hr. to produce 
cells with a low ergosterol content, an effect 
observed previously by Klein (1951). The deficient 
cells were then returned to a coenzyme A-enriched 
medium for 1 hr. and later incubated with labelled 
acetate for 24hr. This procedure enabled the 
organism readily to synthesize the normal amount 
of ergosterol from the added acetate without 
appreciable dilution with acetate derived from cell 
material. The final yield, however, in terms of the 
absolute amount of ergosterol (0-12—0-2 % dry wt.), 
is small, and consequently the percentage recovery 
of the radioactivity is low. 

Ergosterol having a very high specific activity 
was not essential for our studies but an improved 
yield of the 4C recovered as [!4C Jergosterol from the 
[methyl-4C ]acetate precursor was sought. Previous 
studies in this laboratory (Glover, 1949) on the 
ergosterol content of moulds indicated that, under 
certain cultural conditions, some contained more 


14 


than 1 % of ergosterol (based on the dry weight of 
the mycelium), an observation in agreement with the 
work of Zook, Oakwood & Whitmore (1944). The 
mould, Carpenteles brefeldianum Dodge, obtained 
from the Centraalbureau vor Schimmelkulture, 
Baarn, Holland, was selected for the biosynthesis of 
[44C ergosterol because (a) this organism produces at 
least 1:5% of its dry weight as ergosterol with 
acetate in the medium, whereas Saccharomyces 
cerevisiae synthesizes less than 0-35 % under con- 
ditions for the biosynthesis of [!4C]ergosterol from 
labelled acetate (Kodicek, 1955; Hanahan & 
Al-Wakil, 1952); and (6) the ergosterol is easily 
extracted with fat solvents from the dried thallus, 
whereas that in yeasts is tightly bound in the cell 
structure and is obtained quantitatively only after 
digesting the cells in strong alkali (Shakir, 1948; 
Shaw & Jefferies, 1953). 


EXPERIMENTAL 
Media and materials 


Raulin—Thom medium used previously by Oxford, Raistrick 
& Simonart (1935) for the culture of the above mould con- 
tained excessive carbon for biosynthetic work with “C- 
labelled compounds and had to be modified. Their medium 
and the one finally adopted by us are listed in Table 1. The 
chemicals used were of ‘Technical’ grade. 
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Table 1. 


Growth media for the mould Carpenteles 
brefeldianum Dodge 


Present 
medium (D) 


Raulin-Thom 
medium 


Constituent (g./100 ml.) (g./100 ml.) 
Glucose 5-0 1-0 
Tartaric acid 0-27 _- 
Ammonium tartrate 0-27 0-05 
L-Asparagine — 0-2 
Sodium acetate — 0-05 
K,CO, 0-04 — 
MgCO, 0-027 
(NH,).HPO, 0-04 — 
KH,PO, - 0-04 
MgSO, .7H,O 0-03 
(NH,).SO, 0-017 0-15 
ZnSO,,7H,O 0-005 0-005 
FeSO,,7H,O 0-005 0-005 

The pure anhydrous crystalline ergosterol [#}% 


(281-8 mp) =299] used for the standardization of the 
analytical methods was kindly supplied by Glaxo Labor- 
atories Ltd., Greenford, through Drs W. H. C. Shaw and 
J. P. Jefferies. The [methyl-“C]acetate was obtained from 
Radiochemical Centre, Amersham. Its specific activity was 
38 wc/mg. 

The ether for extraction of the mould lipids was dried over 

dium wire and distilled. The dry ether was then redistilled 
over reduced iron to remove peroxides. 

The alumina employed for chromatography was grade 0 
(Spence and Co., Widnes), which was weakened by the 
addition of water (2%, v/w). 


Methods 

Preparation of cultures. The master culture was main- 
tained by transfer on to slants prepared from Sabouraud 
agar [Oxo Ltd. (Medical Dept.), London], 8 ml. in a 1 in. 
test tube. 

Concentrated stock solutions of the inorganic compounds 
were prepared and stored in the cold. The various media 
were prepared in water and adjusted to pH 5-5, and then 
transferred to Roux bottles (100 ml. in each). The bottles 
were sterilized at 15 |b./in.? for 15 min. 

For labelling experiments, sodium [methyl-4C]lacetate 


was sterilized by passing the solution (usually 50 ml.) of 


appropriate concentration through a Seitz ground-glass 
filter. Known amounts (5-10 ml.) were then added to each 
Roux bottle from a sterile pipette before inoculation with 
the organism. Under sterile conditions the bottles were 
fitted with inlet and outlet tubes, to allow the “CO, formed 
to be collected in 10% (w/v) NaOH solution by drawing a 
slow stream of CO,-free air through them. A spore sus- 
pension was prepared by adding 10 ml. of sterile water to a 
2-4 weeks’ old slant culture; 1 ml. of this solution was 
added to each bottle. The bottles were then incubated, 
without shaking, in a dark cabinet at 28° for up to 9 days, 
depending on the experiment. 


At the end of the growth period, usually 5 days (the 
optimum time for ergosterol production), the thalli were 
collected from the medium by filtration through a sintered 
funnel (porosity 4), rinsed with water and freed from 
residual water by suction. 

Extraction of the thallus. The thallus was triturated with 
a small amount of ethanol (5 ml./g. wet wt.) to break up the 
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cells and denature the proteins. The slurry was filtered 
through a sintered funnel at the pump and washed with 
a little ethanol. The cell debris was then extracted in a 
250 ml. beaker five times with 50-100 ml. portions of 
boiling peroxide-free ether. The supernatant extracts were 
cooled and decanted through the filter. The bulked extracts 
were washed in a separating funnel twice with water to 
remove the ethanol and then dried over anhydrous Na,SO, 
for 0-5 hr. The dried extract was decanted into a 250 ml. 
round-bottomed flask and the residual Na,SO, rinsed twice 
with ether. The extract and rinsings were evaporated to 
5-10 ml. under N, at low pressure (water pump) and at 28°. 
The lipid concentrate was then quantitatively transferred 
to a tared 25 ml. conical flask, the residual solvent was 
removed in a stream of N, and the lipid was weighed. The 
extracted residue was dried in an oven at 105° and weighed. 

Saponification of the cell debris and extraction of the 
resulting solution with ether, or further extraction of the 
debris with several portions of boiling ethanol, removes a 
little additional lipid material, none of which, however, 
contains ergosterol. 

Purification of ergosterol. The lipid was saponified with 
10% (w/v) ethanolic KOH and the unsaponifiable matter 
recovered by a procedure described previously (Glover, 
Glover & Morton, 1952). The sterol, after further purification 
by precipitation from ethanolic solution as the digitonide, 
was collected and washed by centrifuging; the sterol was 
regenerated by the procedure of Schonheimer & Dam 
(1933), chromatographed on an alumina column as de- 
scribed later and crystallized from methanol. 

Small amounts of the sterol were also examined by the 
reversed-phase paper technique of Kodicek & Ashby (1954). 
In preliminary experiments the residual glucose in the 
media was determined at various stages of growth by the 
standard Benedict's titration procedure or by the Folin-Wu 
method for glucose values below 0-1 mg./ml. 


Chromatographic procedures 


A column (4cm.x16mm.) of 2% water-deactivated 
alumina was prepared and the ergosterol was placed on it in 
the minimum volume of a 2% (v/v) solution of ethyl ether 
in light petroleum. Elution of the sterol from the column 
was achieved by gradually increasing the proportion of 
ether in the developing solvent according to the procedure of 
Cookson, Glover & Leat (unpublished observations). 

For the reversed-phase technique of Kodicek & Ashby 
(1954), Whatman paper no. 3, coated with liquid paraffin, 
was employed as the stationary phase. The R, value (0-56) 
obtained for ergosterol was identical with that reported by 
A modification of this method was 
employed for separating free and esterified ergosterol; the 


mobile phase was 2% (v/v) water in ethanol (Green, 1955). 


the above workers. 


Spectrophotometry 


The absorption spectra of the ergosterol and other lipids 
dissolved in spectroscopically pure ethanol were recorded on 
a Beckman, Model DU or a Unicam, SP. 500, quartz ultra- 
violet spectrophotometer. The ergosterol in the lipid 
extracts was assayed with a three-point correction pro- 
cedure similar to that adopted by Glover, Glover & Morton 
(1952) for 7-dehydrocholesterol. The wavelengths, 278:3, 
281-8 and 284-3 mp, suggested by Shaw & Jefferies (1953) 
were suitable. 
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Table 2. Production of ergosterol with time in the mould Carpenteles brefeldianum Dodge 


Results represent the values obtained for a single Roux bottle containing 100 ml. of medium incubated at 28°. In 
Expt. 1 the normal medium D was employed, but in Expt. 2 the medium (E) contained only 0-5% of glucose. 


Ergosterol 
Time after Dry wt. Total $$ 
inoculation of thallus lipid (% of total (% of total 
(days) (mg.) (mg.) (mg.) lipid) dry wt.) 
Expt. | 
2 260 17-7 1-4 8 0-56 
3 510 39-5 3-9 10 0-78 
4 450 28-7 4-6 16 1-02 
5 390 23-8 53 22 1-35 
6 330 22-3 5:3 24 1-58 
9 260 13-9 4:7 34 1-81 
Expt. 2 

1 9-9 0-8 0 0 0 

2 250 79 0-8 10 0-32 
3 250 8+ 1-5 20 0-59 
t 190 7-6 2-2 29 1-16 
5 140 59 2-2 37 1-57 
7 130 5-0 2-2 44 1-69 
8 130 5-1 2-2 43 1-75 
9 130 5-2 1-9 35 1-43 


Assay of radioactivity 


The CO, resulting from the metabolism of some of the 
labelled acetate was absorbed in 10% (w/v) carbonate-free 
NaOH solution and precipitated as BaCO, by a standard 
procedure (Glover, 1956). An equimolar amount of NH,Cl 
equivalent to the alkali present was first added, however, to 
lower the pH. This prevented excessive absorption of CO, 
from the air during the inevitable short periods of exposure 
of the alkaline solution during the precipitation and 
collection of the Ba“CO,. A portion as a slurry in ethanol 
was transferred to a 0-75 in. diameter stainless-steel cupped 
planchet to make a layer not thicker than 5 mg./em.? It was 
then dried to form ar even film under an infrared lamp and 
assayed at 4% geometry with a thin end-window Geiger- 
Miiller counter. 

The ergosterol and other lipid fractions were assayed by 
applying 0-2-0-4 ml. of a suitable solution of the substance 
in chloroform to the planchet, previously prepared with 
a disk of lens paper (Green’s no. 105) covering the base. The 
paper ensures an even and reproducible spread of the lipid 
over the dish. The various results were corrected for back- 
ground and self-absorption in the usual manner. The total 
number of disintegrations recorded for each sample was 
always such as to ensure a probable error of less than 1%. 

The radioautographic procedure for detecting the 
labelled material on paper chromatograms has _ been 
described previously (Glover, Kamen & Genderen, 1952). 
Ilford Red Seal (Ilford Ltd., London) or Kodirex (Kodak 
Ltd., London) no-screen film was used. 


RESULTS AND DISCUSSION 


The original Raulin—Thom medium used by Oxford 
et al. (1935) for Carpenteles brefeldianum Dodge was 
not suitable for labelling experiments with MC, 
mainly because of its varied and excessive carbon 
components. A number of changes were made in 
turn to this medium: (a) the glucose concentration 





was reduced from 5 to 1% (w/v); (6) the potassium 
carbonate was eliminated and the potassium 
replaced as phosphate; (c) the tartaric acid in the 
medium was replaced by 0-2 % L-asparagine, which 
initiated growth more quickly; (d) the ammonium 
tartrate level was lowered to 0-05 %. The amounts of 
inorganic salts added were also reduced (see Table 1). 

These changes permitted the addition of 0-05 % 
sodium acetate, the fraction carrying the labelled 
carbon, without affecting the growth of the or- 
ganism. The production of ergosterol with time was 
studied with the modified medium (D) and the same 
medium but with only 0-5 % of glucose (medium E). 
Six Roux bottles each containing 100 ml. of medium 
D and eight similar bottles of medium E were 
inoculated and placed in a dark incubator at 28°. 
After 1, 2, 3, etc., days they were removed for 
examination. Each thallus was separated off and 
the lipids were extracted as described above; the 
lipids were saponified and ergosterol was deter- 
mined in the unsaponifiable matter. The results are 
given in Table 2. This shows that the dry weight of 
the thallus and the total lipid content are maximal 
on the third day after inoculation and decline 
steadily thereafter, whereas the ergosterol content 
does not reach its maximum level until the fifth day 
and remains about the same until the eighth or 
ninth day. Examination of the medium D for 
residual glucose showed that on the third day after 
inoculation only 86 mg. of glucose remained and on 
the fourth day less than 10 mg. In medium E less 
than 5 mg. was present on the third day. Thus 
the peak in dry weight corresponds, as might be 
expected, with the exhaustion of the glucose from 
the medium. The rapid decline in dry weight and 
total lipid from the third to the fifth or sixth day is 

14-2 
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indicative of the utilization of some cell material for 
the maintenance of respiration and possibly also 
for the synthesis of the additional ergosterol. 

In four experiments with the 1% (w/v) glucose 
medium (D) containing 0-05 % sodium acetate, the 
yield of ergosterol from the cultures was 4-5 mg./ 
bottle (1-4—1-6 % of the dry wt. of the mycelium). 

Oxford et al. (1935) reported that a considerable 
amount of the ergosterol synthesized on the 
Raulin-Thom medium was in the form of the 
palmitate. Our experience confirms this. If the 
same thing occurred with our medium then direct 
chromatography of the extracted lipid and crystal- 
lization of the fractionated ester would have 
enabled us to purify the ergosterol readily. The 
gross lipid from our cultures was examined for the 
esterified form but none was detected. Esters were 
absent, presumably because our modified medium 
is much poorer as a carbon source. Although the 
ergosterol was free, we also saponified the lipid 
in order to minimize the precipitation of con- 
taminants along with the fine ergosterol digitonide. 
No loss of the sterol is incurred in the saponification 





process. 

The various preparations of ergosterol, recovered 
from the digitonide and _ recrystallized from 
methanol after chromatography on an alumina 
column, had E{%, (281-8 my) values in the range 
250-276. Further recrystallization, particularly of 
the less-pure specimens, yielded material having 
E}%, (281-8myp) values in the range 270-276. 
Further attempts at purification caused severe 
oxidative losses. Pure anhydrous ergosterol ob- 
tained from Glaxo Laboratories Ltd., assayed by 
us under conditions identical with those for our 
material, had an £}%, (281-8 my) value of 299, but 
a figure of 306 has been reported for similar material 
(Shaw & Jefferies, 1953). The sterol recrystallized 
from methanol, however, usually contains from 1 to 
1-5 molecules of water, making an H}%, value of 
286, the maximum for such a preparation (Shakir, 


Table 3. Distribution of radioactivity in various 
fractions of cultures of Carpenteles brefeldianum 
Dodge grown on medium D to which [methyl-4C]- 
acetate was added from the outset (A, controls) and 
after growth for 3-5 days (B) 


Four Roux bottles were pooled for each group; the 
cultures were grown at 28° with CO,-free air drawn over 
them. 

Percentage of 
total “4C added 


A B 
Dried thallus (lipid-free) 75 16-1 
Aqueous fraction from thallus 0-5 0-2 
Total lipids 19-5 3-4 
Residual medium 20-1 15-4 


Evolved CO, 52-4 64-9 


1948; Shaw & Jefferies, 1953). The ergosterol from 
the mould therefore would appear to contain an 
additional 3% of transparent impurity. The lower 
extinction value observed, however, could be due in 
part at least to additional moisture and some oxida- 
tion of the material during assay. The best ergosterol 
preparations are generally only obtained when the 
recrystallization is carried out on a larger scale than 
in this work and when the material is handled 
under nitrogen. 

Our preparations are comparable in purity to 
those obtained by Hanahan & Al-Wakil (1952), but 
to check that no saturated sterol was present as the 
impurity some !4C-labelled material was chromato- 
graphed by the reversed-phase paper method on 
1-5 in. strips. The chromatogram was divided into 
lem. pieces along its length and examined for 
radioactivity and for ergosterol by the Liebermann-— 
Burchard test. Only one zone, having the R, of 
ergosterol, possessed radioactivity and this also 
gave the correct ‘fast-reacting’ colour test (Moore & 
Baumann, 1952). Radioautographs of a duplicate 
chromatogram confirmed the identity of the distri- 
bution of radioactivity with the intensity of the 
colour test. 

A number of experiments were carried out with 
[methyl-4C]acetate added to the medium. The 
observed distribution of the radioactivity in one 
experiment is given in Table 3 (A). Just over one- 
half of the radiocarbon is lost as carbon dioxide and 
of the remainder approximately 20 % appears in the 
lipid fraction. The results of the experiments in 
Table 4 actually show a range from 10 to 30 for the 
percentages of total radioactivity incorporated into 
the lipid fraction. These variations are partly 
explained by the details of the distribution of the 
radiocarbon in the various lipid fractions, namely, 
the fatty acids, 38-OH sterols (mainly ergosterol) 
and the residual unsaponifiable matter not pre- 
cipitated by digitonin. The variations appear to 
arise mainly from the wide fluctuation in absolute 
amount of the fatty acids and the unsaponifiable 
matter not precipitated by digitonin. The sterol 
fraction, on the other hand, remains fairly constant. 
This finding is not unexpected since the cultures 
were always harvested at a convenient period, 
5 (+ 1) days after inoculation. Table 2 shows clearly 
that in this period the ergosterol content of the 
organism remains reasonably constant, whereas the 
amount of other lipids changes markedly. 

The final column in Table 4 indicates the degree of 
purity of the sterol, as recovered from the digitonide 
and purified by chromatography and one crystal- 
lization from methanol. 

The nature of the digitonin-soluble fraction of the 
unsaponifiable matter has not yet been elucidated. 
It is strongly adsorbed on alumina but runs as a 
homogeneous zone in the paper chromatogram, 
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Table 4. Distribution of radioactivity in the lipid fractions from Carpenteles brefeldianum Dodge 
grown on a medium containing [methyl-'C jacetate 


Five Roux bottles were used in each experiment. The final column indicates the purity of the material after one crystal- 


lization. 


Distribution of radioactivity in lipid fractions 


Not 
[Methyl-@C}- Radioactivity precipitated 

acetate incorporated Fatty with 

added in lipids acids digitonin 
(ue) %) (uC) (uc) 
32 17-5 3-5 0-4 
60 20-5 9-4 2-1 
211 15-5 15-0 13-5 
85 30-0 14-8 9-2 
118 11-4 1-8 8-7 
70 36-8 19-6 2-6 





Unsaponifiable matter 








Ergosterol 

- a Extinction 

Specific of A®:7-sterol 
Activity Wt. activity [Ei 3. 

(pC) (mg.) (wc/mg.) (281-8 my) | 

2-0 15-5 0-13 261 

1-9 17-3 0-11 270 

5-2 17-3 0-3 276 

1-9 _- 256 

2-8 21-2 0-13 240 

3°3 8-5* 0-39 261 


* Low yield of [“C]ergosterol obtained in this experimental run was probably due to a poor inoculum. 


with an R, value (0-8) much higher than that of 
ergosterol (0-56). It does not show selective 
absorption in the visible or ultraviolet regions of the 
spectrum. 

The results in Table 4 indicate that the yield of 
radiocarbon as uniformly labelled [4C]ergosterol 
from a given quantity of [methyl-“C acetate varies 
from 2 to 6%. If it is assumed that the acetate 
carbons added at the outset become uniformly 
diluted in the metabolic pool of C, units formed 
from the other carbon components in the medium, 
then the specific activity of the ergosterol, in 
pc/mg. of carbon, should be only a little more than 
the total radioactivity, in wc added, divided by the 
total carbon content of the medium (500 mg.), 
since the contribution of the methyl group of 


acetate to the sterol structure is greater than that of 


the carboxyl group. The fact that it is very much 
higher indicates that there is a preferential in- 
corporation of the [methyl-C]acetate into the 
molecule. 

This is supported by the fact that whereas the 
lipid fraction forms only 6—-7% of the total dry 
weight, the amount of radiocarbon entering this 
fraction varies from 11:4 to 36:8%. The yield 
appears to be considerably higher than that ob- 
tained by Hanahan & Al-Wakil (1952) with the 
yeast Saccharomyces cerevisiae. From their pub- 
lished figures it can be calculated that the total 
incorporation of radiocarbon from labelled acetate 
into the sterol fraction is only about 0-003 %, 
whereas the specially treated coenzyme A-deficient 
culture gives a yield of approximately 0-3 %. To set 
against this, however, is the fact that the specific 
activity of our preparation is much lower. 

It was thought that it might be possible to 
improve on this by attempting to restrict the 
synthesis of ergosterol during the growth of the 


cellular structure and then to allow the remainder to 
be synthesized in the presence of labelled acetate. 
The method, employed by Hanahan & Al-Wakil 
(1952) for yeast, is unsuitable for moulds which 
synthesize their own cofactors. Another possibility 
is the use of an inhibitor; Klein, Eaton & Murphy 
(1954) showed that the production of ergosterol was 
reduced in S. cerevisiae grown in an atmosphere 
of nitrogen. The normal sterol content could be 
restored by transferring cells to a 1% glucose 
medium without a nitrogen source and aerating. 
A similar type of experiment has been attempted 
with C. brefeldianum. Several cultures were 
allowed to commence growing normally for 2 days 
and then oxygen-free nitrogen was passed through 
the bottles for 3 days. The mycelial mats of the test 
group and controls were not substantially different 
in their sterol content, so these preliminary trials 
indicated that this method was not applicable to 
C. brefeldianum. 

Finally, it was thought that if [*C]acetate were 
added after most of the glucose had been used up 
and just before the period of rapid development of 
the ergosterol, e.g. on the third day, then it might 
enter preferentially the latter fraction. In an 
experiment with two groups of 4 Roux bottles 
(Table 3) the labelled acetate was added 3-5 days 
after inoculation, but the yield of [14C]ergosterol was 
inferior to that in the control group and a much 
greater portion (65%) of the labelled carbon was 
evolved as “CO,. Future work with selective 
inhibitors such as pantoyltaurine may improve the 
above yield, but the material produced by the 
above method proved suitable for a number of 
studies on the absorption and metabolism of ergo- 
sterol and it may be prepared with a sufficiently 
high specific activity for the manufacture of [C]- 
ergocalciferol (Koditek, 1955). 
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SUMMARY 


A method for the biosynthesis of ['4C]ergo- 
sterol from sodium [methyl-C acetate in the mould 
Carpenteles brefeldianum Dodge is described. The 
specific activity of the [**C]Jergosterol obtained was 
0-1—0-3 nc/mg., and the total yield of radiocarbon 
was 2-6 %. The specific activity of the [methyl-“C}- 
acetate used before dilution was 38 wc/mg. 

We wish to thank the Medical Research Council for 
financial support. 


REFERENCES 


Glover, J. (1956). Moderne Methoden der Pflanzen Analyse, 
vol. 1, p. 325. Ed. Paech, K. & Tracey, M. V. Berlin: 
Springer-Verlag. 

Glover, J., Kamen, M. D. & Genderen, H. 
Arch. Biochem. Biophys. 35, 384. 

Glover, J., Leat, W. M. F. & Morton, R. 
Biochem. J. 58, xvii. 


van (1952). 


A. (1954). 


1957 


Glover, M. (1949). Ph.D. Thesis: University of Liverpool. 

Glover, M., Glover, J. & Morton, R. A. (1952). Biochem. J. 
Si, i. 

Green, C. (1955). Ph.D. Thesis: University of Liverpool. 

Hanahan, D. J. & Al-Wakil, 8. J. (1952). Arch. Biochem. 
Biophys. 37, 167. 

Klein, H. P. (1951). Fed. Proc. 10, 209. 

Klein, H. P., Eaton, N. R. & Murphy, J.C. (1954). Biochim. 
biophys. Acta, 13, 591. 

Kodicek, E. (1955). Biochem. J. 60, xxv. 

Kodicek, E. & Ashby, D. R. (1954). Biochem. J. 57, xii. 

Moore, P. R. & Baumann, C. A. (1952). J. biol. Chem. 195, 
615. 

Oxford, A. E., Raistrick, H. & 
Biochem. J. 29, 1102. 

Schonheimer, R. & Dam, H. (1933). Hoppe-Seyl. Z. 215, 
59. 

Shakir, M. K. (1948). Ph.D. Thesis: University of Liverpool. 

Shaw, W. H. C. & Jefferies, J. P. (1953). Analyst, 78, 
509. 

Zook, H. D., Oakwood, T. 8. & Whitmore, F. C. (1944). 
Science, 99, 427. 


Simonart, P. (1935). 


Sterol Metabolism 
2. THE ABSORPTION AND METABOLISM OF [“CJERGOSTEROL IN THE GUINEA PIG 
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The absorption of ergosterol has been studied in 
many species because its ultraviolet-absorption 
spectrum forms an excellent label. The early work of 
Schonheimer, Behring & Gottberg (1932) on the dog 
and Menschick & Page (1932) on the laying hen 
suggested that although the sterol was poorly 
absorbed, small amounts did in fact penetrate the 
The work of and co- 
workers (Schonheimer, 1931), on rats, rabbits and 
mice, of Cook (1938) on the guinea pig and of many 
other workers since then have, however, clearly 
demonstrated that phytosterols in general, in- 
cluding ergosterol, are poorly absorbed. The actual 
amounts which cross the intestine have only 
recently been assessed by using isotopically labelled 
Hanahan & Al-Wakil (1953) showed that 
4 % of a single dose of [14C]ergosterol is absorbed by 
the rat, and Gould (1954) has shown that tritium- 
labelled f-sitosterol is absorbed to the extent of 
0:-4%. Similarly, 4% of a dose of C-labelled 
sterols from tomato leaves has been found to be 
absorbed by the guinea pig (Duncan, 1954). 

The present studies on the guinea pig, which were 
begun some years ago, before the use of C-labelled 
materials, were undertaken because: (a) the guinea 
pig, which possesses in the gut wall a high concen- 


intestine. Schonheimer 


sterols. 


October 1956) 


tration of the analogous animal sterol, 7-dehydro- 
cholesterol (A**7-cholestadien-38-ol), might absorb 
ergosterol better than other species ; if the ergosterol 
were hydrogenated to 7:8-dihydroergosterol(brassi- 
casterol) or to 5:6-dihydroergosterol by the intestinal 
enzymes, in a manner similar to the hydrogenation 
of 7-dehydrocholesterol (Glover, Glover & Morton, 
1952), it would escape spectroscopic detection; 
(6) the different steric configuration of the side chain 
of ergosterol could perhaps enable it to act as an 
inhibitor of the sterol dehydrogenase enzyme system 
leading to a disturbance of the normal equilibrium 
obtaining there; (c) ergosterol can be labelled with 
MC easily so that its detailed metabolism may be 
studied. 

A preliminary account of the work has already 
been published (Glover, Leat & Morton, 1954). 


EXPERIMENTAL 


Materials. Crystalline ergosterol was obtained from Peboc 
Ltd., Liverpool. Uniformly labelled [!4C]ergosterol was pre- 
pared biosynthetically from [methyl-“C acetate in the mould 
Carpenteles brefeldianum Dodge (Glover & Leat, 1957). 

The sterol-free diet for the guinea pigs was prepared by 
mixing solvent-extracted food cubes (diet no. 4, British 
Extracting Co. Ltd., Bromborough) with 5% of arachis oil. 
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Animals. Young female guinea pigs (10 weeks’ old; 230- 
300 g. body wt.) were obtained direct from the breeder and 
placed on the cube diet no. 4 supplemented with cabbage 
for 5 days before selection for experiment. They were then 
placed on the sterol-free diet for 3-7 days before dosing. 
Twelve animals, divided into four groups of three, were 
employed in each experiment. The animals were so distri- 
buted that the average weight in each group was approxi- 
mately the same. This was necessary since the ratio of 7- 
dehydrocholesterol to total sterol in the intestine increases 
with increasing weight (age) of the animal. The four groups 
of animals were starved for 24 hr. immediately before dosing 
and kept in cages with a 4 in. mesh base to prevent copro- 
phagy. A single dose of ergosterol (170 mg. in 1 ml. of 
ethyl oleate) was administered orally to each animal from 
a pipette with a wide-bore tip. The animals used in a few of 
the experiments with [C]ergosterol were larger (500 g. 
each), and in the more accurate quantitative work these 
were dosed by stomach tube. The animals were killed by 
a sharp blow at the back of the neck, at different time inter- 
vals of a few hours up to 24 hr. after dosing. The livers, 
intestines and other organs were removed and the respective 
tissues in each group pooled for analysis. The contents of the 
stomachs and intestines were flushed out with physiological 
saline and retained. 

Extraction of tissues. Each tissue was cut into small 
pieces, placed in a round-bottomed flask and digested with 
half its weight of 60% (w/v) KOH until no solid matter 
remained. An equal volume of ethanol was then added and 
the mixture was refluxed for 45 min. The saponified mixture 
was cooled and poured into a separating funnel containing 
1 vol. of water and the flask was rinsed out with a second 
volume of water. The rinsings were added to the original 
solution and extracted with five portions of ether (100 ml. 
each) rendered peroxide-free by drying and distilling it over 
reduced iron, The bulked ether extract was washed with 
water, until the aqueous phase showed no pink colour with 
phenolphthalein, and then dried over anhydrous Na,SO, for 
30 min. at 5°. The dry ether solution was separated, the 
Na,SO, rinsed with ether and the whole was taken to small 
volume in a stream of N,. The residual solution was finally 
transferred to a tared 25 ml. conical flask taken to dryness 
under N, and the non-saponifiable residue weighed. The 
fatty acid fraction was obtained by acidifying the aqueous 
phase mentioned above with dilute H,SO, to pH 1, and 
extracting with five portions of ether and treating the 
extract as above. 

To the intestinal contents was added an equal volume of 
ethanol to denature and precipitate proteins and the whole 
extracted with ether as above. In addition to the liver and 
intestine, the adrenals, kidney, lungs, spleen, mesentery and 
carcass were also examined in one experiment. The lipids from 
kidney, lungs and spleen contained only small amounts of the 
radioisotope and consequently were pooled for analysis. 

Adsorption chromatography. The liver unsaponifiable 
matter (approximately 100 mg.) dissolved in 15-20 ml. of 
2% (v/v) diethyl ether in light petroleum (b.p. 40-60°) was 
chromatographed on alumina (grade 0, Spence, Widnes) 
deactivated with 2% (v/w) of water, according to the 
procedure described by Duncan (1954). All the 7-dehydro- 
cholesterol, together with ergosterol, was concentrated 
thereby ina fraction as free as possible from other selectively 
absorbing substances. This enabled the sterols to be assayed 
spectrophotometrically with accuracy. 
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Paper chromatography. Portions of the unsaponifiable 
matter of the liver and intestine were examined on Whatman 
paper no. 3 as described by Kodicek & Ashby (1954). The 
various unsaturated sterols were detected by extracting 
5-20 mm. sections of the paper with chloroform in a test 
tube and carrying out the Liebermann—Burchard test. 


Estimation of sterols 

The total sterols were determined mainly by the colori- 
metric method of Kenny (1952), but a number of results 
obtained by this method were also checked by the gravi- 
metric digitonide procedure of Windaus (1909). The dis- 
crepancy in the results obtained by the two methods was 
generally less than + 2%. The figures for liver non-saponifi- 
able matter by the gravimetric method tended to be higher 
than the colorimetric, and vice versa for the intestine, which 
contains a high percentage of the more intensely reacting 
fractions. 

A>‘7.Sterols. The absorption spectra were recorded on 
a photoelectric spectrophotometer and the conjugated 
A5‘7.diene sterols estimated by the three-point correction 
procedure for irrelevant absorption as previously described 
(Glover et al. 1952). 

Radioassay. The radioactivity in the lipid fractions was 
determined by placing 0-3 ml. of a chloroform solution of the 
material on a flat stainless-steel planchet (19 mm. diam. 
with 3 mm. side) over the base of which was placed a disk of 
lens paper (Green’s no. 105). The solvent was evaporated by 
irradiation from above with infrared lamps (250w). The lens 
paper ensures a uniform distribution of the lipid over the 
bottom of the planchet. The over-all efficiency of the 
Geiger—Miiller counter system was 4% and the reproduci- 
bility of the plating technique less than +2% s.p. All 
samples were counted for sufficient time to make the count- 
ing error less than +-5% and corrected for self-absorption 
and background. 


RESULTS 


Absorption. The results for total sterol and 
A®?-sterols (7-dehydrocholesterol and ergosterol) 
in the livers and intestines of control animals and of 
those examined at various times after dosing with 
ergosterol are given for four experiments in Tables 1 
and 2 respectively. An examination of the values 
for the absolute amount of A**?-sterols in the liver 
shows at the outset that absorption and storage of 
ergosterol per se is extremely low. Similarly, the 
values obtained for total sterols in the dosed 
animals are within the range found for the controls. 
The appreciable drop in the sterol-ratio values, 
however, confirms that a little ergosterol has been 
absorbed unchanged. The average increase per liver 
in A*?-sterols due to ergosterol is quite small, only 
about 0-1 mg. (0:05 % of the dose), and the maxi- 
mum only double this value (Table 1, column 4). 
Since there is evidence that the more unsaturated 
sterols are readily metabolized in liver tissue 
(Taylor & Gould, 1950; Glover et al. 1952), the 
above figure represents only the transitory store, 
and the total value over the full period of ab- 
sorption of the dose was probably larger. 
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In the intestine the ratio for total sterols to 
A5*?-sterols (Table 2) for the dosed animals shows 
a definite tendency to fall below that of controls, 
except in Expt. 2 where the change is irregular. In 
the latter the level of A®*’-sterols is abnormally low 
in the dosed groups. Coprophagy, which is difficult 
to prevent, may have occurred and would upset the 


J. GLOVER, W. M. F. LEAT AND R. A. MORTON 





1957 
ratio values. The general reduction in ratio noted, 
however, suggests that a small amount of ergosterol 
was undergoing absorption, particularly since the 
lowest ratios were found 6-17 hr. after dosing, i.e. 
during the period of maximum absorption. 

It was clear that the above type of balance 
experiment could not give a reliable quantitative 


Table 1. Liver sterols of the guinea pig during the absorption of ergosterol 


Each animal in the test groups was given 170 mg. of ergosterol in 1 ml. of ethyl oleate (except in Expt. 4, when the dose 
was 200 mg.). Weight range of animals: 230-360 g.; the mean weight for each group in an experiment was approximately 


the same. Results are expressed as mg./guinea pig. 


Expt. no. and Unsaponifiable 


time after dosing matter 
1 
Controls 40-0 
6 hr. 53-4 
16 hr. 46-5 
24 hr. 42-6 
2 
Controls 46-8 
8 hr. 43-3 
17 hr. 50-8 
23 hr. 63-1 
3 
Controls 49-5 
8 hr. 47-7 
17 hr. 40-0 
23 hr. 36-4 
4 
Controls 51-8 
17 hr. 45:3 





Total sterol 


A®:7.Sterol 


(A) (B) Ratio: A/B 
23-8 0-02 1190 
27-2 0-10 270 
30-8 0-14 220 
29-9 0-08 370 
21-9 0-02 1100 
30°3 0-05 610 
30-0 0-14 210 
38-0 0-10 380 
31-6 0-08 1020 
33-2 0-06 550 
23-6 0-26 90 
29-2 0-09 320 
19-6 0-02 980 
20-3 0-09 230 


Table 2. Intestinal sterols of the guinea pig during the absorption of ergosterol 


Each animal in the test groups was given orally 170 mg. of ergosterol in 1 ml. of ethyl oleate (except in Expt. 4, when the 
dose was 200 mg.). Weight range of animals: 230-360 g.; the mean weight for the animals in each group in a given experi- 


ment was approximately the same. Results are expressed as mg./guinea pig. Number of animals is given in parentheses. 
Total Residual 
Expt. no. and Unsaponifiable sterol A®:7.Sterol Ratio: ergosterol 
time after dosing matter (A) (B) A/B in lumen 
1 
Controls (4) 37-6 22-3 1-80 12-4 — 

6 hr. (3) 31-9 22-8 2-77 8-2 28-0 
16 hr. (3) 33-5 22-8 2-33 9-8 16-2 
24 hr. (2) 32-0 21-3 2-18 9-8 7:2 

2 
Controls (3) 35-6 25-7 1-94 13-3 — 

8 hr. (3) 38-3 25-2 1-70 14-8 7-0 
17 hr. (3) 32-8 19° 1-42 13-6 10-0 
23 hr. (2) 41-5 27°8 1-70 16-3 2-5 

3 
Controls (3) 35-9 23-4 1-66 14-1 — 

6 hr. (3) 34-2 22-9 2-43 9-4 29-5 

8 hr. (3) 34-0 20-8 2-52 8-3 11-4 
23 hr. (3) 29-1 21:3 2-12 10-0 56 

4 
Controls (3) 28-8 18-6 1-88 9-9 — 
17 hr. 38-0 o 8 
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measure of the degree of absorption and metabolism 
of ergosterol, since the absorption is so small 
compared with the biological variations in sterol 
contents of the tissues of the different groups of 
animals. 

More critical experiments were therefore carried 
out with uniformly labelled [!4C]ergosterol as the 
tracer, which also enabled the carbon skeleton of the 
molecule to be followed despite the formation of 
other metabolites. 

The amounts of radioactivity appearing in the 
different lipid fractions from the tissues of guinea 
pigs dosed with various amounts of [!4C]ergosterol in 
ethyl oleate have been estimated. One experiment 
was also carried out in which the ergosterol was 
dispersed in aqueous Tween 80 (polyoxyalkylene 
derivative of sorbitan mono-oleate) solution with 
a view to improving absorption. The results, given 
in Table 3, confirm that the proportion of the dose 
absorbed from oleate solution is quite low (approx. 
1-3 %) and bears no obvious relationship to the 
size of the dose. In the single Expt. 8 with Tween 
80, the percentage absorption is greater than in any 
of the others, although the absolute amount ab- 
sorbed was lower than in Expt. 4, where ethyl] oleate 
was the carrier. 

For the latter, the amounts of total sterols and of 
A®*-sterols and their ratios in the livers and in- 
testines are given under Expt. 4 (17 hr.) in Tables 1 
and 2 respectively. A comparison of the values for 
percentage absorption found by spectrophotometry 
and assay of radiocarbon may be made. The 
difference between test and control spectrophoto- 
metric values for A**?-sterols in the liver un- 
saponifiable matter (Table 1) shows an increase due 
to the absorption of 0-07 mg. of [14C]ergosterol, 
whereas the radioassay (Table 3) indicates that an 
amount of radioactivity equivalent to 0-34 mg. of 
[C]ergosterol is present. Similarly, the radio- 
activity in the intestinal unsaponifiable matter is 
far in excess of that which can be accounted for 
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as [4C]ergosterol; the radioassay indicates that 
approx. 0-9 mg. of the original material is in that 
fraction, whereas the spectroscopic assay gives a 
difference value between test and controls within 
the biological variation (approx. 0-1 mg.). In fact, 
the radioactivity of the unsaponifiable matter from 
all tissues in the various experiments exceeds that 
which corresponds with the amount of [!4C]ergo- 
sterol present in the total A**7-sterols found there by 
spectroscopic assay. 

The quick appearance of radioactivity in the 
adrenal lipids in amount comparable with that 
found in the liver lipids was somewhat surprising. 
The final uptake by the adrenals from a single dose 
was greater per unit weight of tissue than that by 
the liver. 

A considerable portion (generally more than 10 %) 
of the total radioactivity in the intestine appears 
in the fatty acid fraction. Similarly, the acidic 
degradation products found in the liver and adrenals 
indicate a rapid metabolism of the absorbed sterol. 
These could arise as a result of oxidative attack by 
the tissue enzymes or by bacterial action in the 
lumen of the intestine. The low recovery of ergo- 
sterol from the intestinal contents, based on the 
spectrophotometric assay, was unexpected in view 
of the report by Rosenheim & Webster (1941) that 
ergosterol passed through the gut largely unchanged. 
The disappearance of the chromophore was checked 
by examining the lipids isolated from the lumina of 
the lower intestines of the animals dosed with 
[4C]ergosterol in Tween 80 solution. The lipids 
were dissolved in ether and extracted twice with 
sodium bicarbonate solution to yield acidic fraction 
(I, Table 4). The remaining neutral lipids were then 
saponified and the fatty acids (II) and unsaponifi- 
able matter (III) isolated. The latter was fraction- 
ated in two ways. A portion (a) was dissolved in 
ethanol and treated with digitonin to separate the 
3B-OH sterols (IIT a,), as their digitonides, from the 
remaining material (IIIa,). A second portion (b) 


Table 3. Absorption of [14C]ergosterol in the guinea pig 


In each of Expts. 5, 6, 7 and 8, two male animals (approx. 500 g. each) were given orally the sterol dispersed in ethyl 
oleate (1 ml./guinea pig) except in Expt. 8, when the sterol was suspended in aqueous Tween 80 solution. In Expt. 4 
three female animals (230-260 g.) were given 200 mg. of ergosterol each in 1 ml. of ethyl oleate. The respective tissues from 


each group of animals were pooled. 


Percentage of “C absorbed 
A. 














Dose of c a-- 44, Radio- 
[4C]ergosterol/ Small intestine Liver Adrenals activity 
guinea pig cr - F A ——"——- recovered 
| Time —_Unsaponi- Unsaponi- Unsaponi- from the 
Expt. examined _fiable Fatty fiable Fatty fiable Fatty lumen 
no. (mg.) (uC) (hr.) matter acids matter acids matter acids Total (%) 
5 3 0-77 6 0-28 0-06 0-13 0-26 0-03 None 0-76 - 
6 83 0-45 6 0-33 None 0-58 None 0-03 0-03 0-97 75 
7 85 0°35 17 0-30 0-03 0-15 None 0-03 0-14 0-65 50-4 
8 55 1-41 3-5 2-60 0-63 0-72 0-77 0-03, 0-04 4-79 73-4 
4 200 0-39 17 0-46 1-24 0-17 0-70 0-32 0-20 3-09 — 
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was chromatographed on alumina and _ three Adrenals. In this tissue, 17 hr. after dosing, the 


fractions were eluted with 12 % (v/v) ether in light 
petroleum (II1b,), ether (III 6,) and ethanol (ITTb,) 
respectively. The absorption spectrum of the sterol 


fraction recovered from the digitonides and that of 


the first fraction from the column, each of which 
contained all the residual ergosterol, showed in 
both that it was present only in trace amounts. The 
radioactivity in the various fractions was expressed 
as a percentage of the total in the original lipids, 
which represented 73 % of the dose. The results are 
set out in Table 4. 

None of the above fractions was examined in 
greater detail but the preliminary analysis makes 
it sufficiently clear that the ergosterol, in passing 
down the intestine, has been rapidly attacked. The 
38-OH-group has been destroyed in approx. 50% 
of the material; the conjugated diene system in 
ring B has been more extensively destroyed and 
some carboxylic acids were formed. This severe de- 
struction of the ergosterol is probably an important 
contributory cause of the poor absorption. 


Unsaponifiable matter of the various tissues 


Gut wall and liver. In one experiment the un- 
saponifiable matter from these tissues was chro- 
matographed on alumina as previously described to 
determine if any of the conjugated diene system 
in the administered sterol had been enzymically 
reduced, since there is evidence that this occurs 
with 7-dehydrocholesterol in the guinea pig 
(Glover et al. 1952; Green, 1955) and in the rat 
(Glover & Stainer, 1956). The more saturated sterol 
fraction (including A®- and A’-sterols) was examined 
and found to contain a small amount of radio- 
activity, but the amount (less than 1 % of the total 
placed on the column) was not sufficient to make the 
result conclusive, although the previously men- 
tioned discrepancy between total radioactivity in the 
unsaponifiable matter (of liver and intestine) com- 
pared with that due to [C]ergosterol is noteworthy. 


radioactivity taken up became comparable with 
that in the liver (Table 3). The ultraviolet-absorption 
spectrum of the unsaponifiable matter did not show 
the characteristic absorption due to ergosterol. 
Most of the radioactivity in the adrenals, then, is 
presumed to arise from metabolites. Hanahan & 
Al-Wakil (1953) and Biggs, Lemmon & Pierce 
(1954) also found that radioactivity from the dietary 
sterols [14C]ergosterol and A?-[{!4C]cholestenol re- 
spectively appeared readily in this tissue. 

Kidney, lungs, spleen and mesenteric fat. None of 
these organs retained an appreciable amount of the 
[44C Jergosterol administered. 

Skin. The skin possesses such a large amount of 
the total body sterol, which it can manufacture de 
novo (Gould & Taylor, 1950), that a small uptake of 
the poorly absorbed ergosterol from the blood is 
extensively diluted and not readily detected. In 
one experiment, a piece of abdominal skin 
4 in. x 4in. was taken from an animal killed 23 hr. 
after dosing with 0-33 yc of [!4C]ergosterol. The 
extracted lipid possessed no detectable radio- 
activity. In order to examine how ergosterol may 
be metabolized by the skin, 1 mg. of [#*C]ergosterol 
(0-3 4c) dispersed in 0-5 ml. of aqueous Tween 80 
was injected subcutaneously into an anaesthetized 
adult guinea pig. A week later the animal was killed 
and the skin around the site of injection (4 in. in 
area), the liver and adrenals were removed for 
examination. The lipids were extracted from the 
skin and saponified. The ether-soluble recovered 
fatty acids did not contain any radioactivity, and of 
that in the unsaponifiable matter almost all was 
localized in the sterol fraction precipitated with 
digitonin; only a trace of activity was found in 
the supernatant from the digitonin precipitation. 
Since the ultraviolet spectrum of the sterol fraction 
did not show appreciable absorption in the 260 
310 mp region characteristic of A°-sterols, the 
[4C]ergosterol injected must have been partly 


Table 4. Percentage distribution of radioactivity in the various lipid fractions (= 73 % of dose) recovered from 
the lumina of the intestines of the guinea pigs dosed with [4C |ergosterol dispersed in Tween 80 


Fraction 


Radioactivity 
(% of total) 


Free fatty acids (ether-soluble) (1) 1-6 
eee (ether-soluble acids (IT) 3-2 
Neutral lipids junsaponifiable matter (LIT) - 
{precipitated by digitonin (a,) 44) 84 
; (soluble in ethanolic digitonin (a,) 40) 
portion (a) 
portion (b) 
v . ° . ° 
Chromatographic fractions from alumina column 
Sterols eluted with 8-12% (v/v) ether—light petroleum (b,) <1 
More polar material eluted with ether (by) 12 | 84 
Strongly polar material eluted with ethanol (bs) +4 . 
Material retained on column (by difference) (b,) 14 
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transformed into a more saturated product, which 
has not yet been identified. Both the liver and 
adrenal lipids contained radioactivity, showing that 
sterols can be absorbed readily from the skin. 


Acidic fractions 

Since radioactivity was detected in the acidic 
fraction of the lumen contents within a few hours 
after dosing with [!4C]ergosterol, it was necessary 
to determine if the radioactivity appearing in the 
acidic fractions of the various tissues arose from the 
metabolism of their absorbed [!C]ergosterol or by 
absorption of the acidic material from the lumen. 


The previous work of Siperstein, Jayko, Chaikoff 
& Dauben (1952) with [*C]cholesterol and of 


Hanahan & Al-Wakil (1953) with [4C]ergosterol in 
the rat showed that bile acids are readily formed 
from them and excreted into the lumen. Thus part 
of the acidic material at least is produced in situ 
by the tissue enzymes. This was confirmed by 
preparing homogenates of liver tissue and mucosal 
cells and incubating them with [!4C]ergosterol dis- 
persed in aqueous Tween 80 solution. The sterol was 
metabolized and the acidic fractions isolated were 
radioactive (Leat, 1955). Full details of these 
results will, however, be presented in a later paper. 


DISCUSSION 


Absorption 
The above results on absorption of ergosterol by the 
guinea pig agree with the findings of Hanahan & 
Al-Wakil (1953) for the rat. The dispersion of the 
ergosterol in aqueous ‘ween 80 solution appears to 
be more effective than solution in ethyl oleate (cf. 
Table 3, Expts. 5 and 9) in promoting absorption, 
but it also caused the unabsorbed material to pass 
through the intestine more quickly. A high pro- 
portion of the radioactivity was recovered from the 
lower intestine 3-5 hr. after dosing, whereas after 
a similar period with ergosterol dispersed in ethyl 
oleate the residual material is recovered from the 
stomach and upper part of the small intestine. 
Moreover, during this time considerable destruction 
of the ergosterol appears to have occurred (Table 4). 
The carboxylic acids and other more strongly 
adsorbed materials probably arise by enzymic 
oxidation in the lumen itself. The quantity formed 
is too large for the various metabolites to have 
come from absorbed [!4C Jergosterol metabolized and 
excreted via the bile. While the absorption of this 
phytosterol is quite low (3% of the dose), it is 
significant and could conceivably be greater when 
ingested in a more natural form such as in yeast, 
where it appears to be bound as a lipoprotein which 
might perhaps improve dispersion or aid its stability 
in the lumen of the intestine. The animal sterols, 
cholesterol and 7-dehydrocholesterol, on the other 
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hand, are quite readily absorbed, the former to the 
extent of 50% in the guinea pig (Cook, 1938). This 
marked difference in absorption behaviour of the 
two types of molecules, whose structures differ 
mainly in the side chain by a branched methyl 
group and a double bond, has caused a number of 
workers to study the process in detail. The high 
specificity of the process immediately suggests that 
the phenomenon is a steric one and that association 
with protein, possibly an enzyme, is the governing 
factor. Certainly the sterols cannot depend on 
solubility in fatty particles for their absorption, 
because differences in solubility are not enough to 
explain the observed results. The only enzyme 
known to be directly connected with the absorption 
process is an esterase, which is present in the in- 
testine (Mueller, 1915, 1916), but phytosterols are 
just as readily esterified with this enzyme as is 
cholesterol (Swell, Field & Treadwell, 1954). Hence 
it is not responsible for the poor absorption of 
phytosterols. Furthermore, it has been shown with 
deuterium-labelled esters that they are hydrolysed 
in the lumen for passage through the brush border 
and re-esterified on entering the lymphatics 
(Favarger & Metzger, 1952). Free sterols, however, 
enter the mucosal cells without esterification 
(Glover & Green, 1954), and although their sub- 
sequent removal from the cells is no doubt acceler- 
ated by this process it may not be absolutely 
necessary ; epicholesterol (3a-OH cholesterol), which 
is not esterified, is absorbed at 50 % of the cholesterol 
level and appears in thoracic chyle in the free 
form (Hernandez, Chaikoff, Dauben & Abraham, 
1954). 

The experimental results mentioned above, and 
other work in this laboratory with C-labelled leaf 
sterols (Duncan, 1954), show quite clearly that 
phytosterols administered in oily solution do not in 
fact penetrate freely the brush-border membranes 
of the mucosae and become separated from their 
fat solvent, otherwise a much greater amount of 
[44C]sterol or metabolites would have accumulated 
in the mucosal cells. Favarger & Roth (1953), in 
studying the effect of phytosterols on the digesti- 
bility of fat, also drew attention to this separation 
of phytosterols from their fatty supporting medium 
in the lumen of the intestine. Concurrently with the 
above studies, Glover & Green (1954, 1956) ob- 
served in the fasting guinea pig that cholesterol and 
7-dehydrocholesterol are distributed in the same 
equilibrium in the cell membrane, organelles and 
ground plasm of the intestinal mucosal cells, in 
which they are present as lipoproteins. Further- 
more, the latter were found to exchange and transfer 
their sterol components between one another and 
with the incoming dietary sterols very rapidly. 
These findings, which haye been confirmed recently 
in the rat by Glover & Stainer (1956), led them to 
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postulate that such an exchange and transfer on 
lipoproteins was concerned in the passage of sterols 
across the mucosal cells, so that absorption of 
sterols must occur at the molecular level. On the 
basis of this mechanism it is possible to provide a 
satisfactory explanation for the poor absorption of 
phytosterols. If, on account of some steric hind- 
rance, the phytosterol does not exchange easily with 
the lipoproteins in the lumen (Glover & Stainer, 
1956; unpublished work) or in the mucosal cell 
membrane, its chance of absorption would be con- 
siderably reduced. Again, since several transfers 
from lipoprotein to lipoprotein may be involved in 
the process of crossing the cell, the blocking effect 
could be cumulative. Studies are now being carried 
out to compare the abilities of phytosterols to 
combine with intestinal lipoproteins with those of 
animal sterols and so test more fully the above 
suggestion. Preliminary results (Glover & Stainer, 
1956) are consistent with it. 

It appears from the work of Peterson (1951) that 
dietary phytosterols, in addition to not being 
absorbed, are also capable of inhibiting the absorp- 
tion of cholesterol. The original work was done on 
the chick and later confirmed on the rat with the aid 
of [4-14C]cholesterol (Hernandez, Peterson, Chaikoff 
& Dauben, 1953), but Friedman, Rosenman & 
Byers (1954, 1956) have only been able to observe a 
slight inhibiting effect of B-sitosterol on cholesterol 
absorption. If, as the work of Glover & Green 
(1956) suggests, sterols must be bound to proteins 
before absorption into the mucosal cell, then the 
inhibitory effect of the foreign sterol may arise from 
its competition with the natural animal sterol for 
the active adsorption centres on the acceptor lipo- 
proteins, either within the lumen of the intestine or 
on the cell membrane, or in both places. 


Metabolism 

Lumen of the intestine. The recovery of ergosterol 
in the various feeding tests was always extremely 
poor. While a loss of 10-20 % would be reasonable to 
expect with the technique of oral administration by 
pipette, it is difficult to understand the larger losses 
encountered (at least 90% is not accounted for in 
the spectroscopic assay and about 22% by radio- 
activity) in the series of animals dosed with Tween 
80 solution (Expt. 8). The results (Table 4) show 
that the recovered unsaponifiable matter from the 
lumen contents contained metabolites of ergo- 
sterol, a 38-OH sterol precipitated by digitonin and 
also a derivative not precipitated by digitonin, both 
virtually transparent in the ultraviolet region of the 
spectrum. It was at first thought that bacteria were 
causing the destruction since a large portion of the 
dose was recovered from the lower intestine, but the 
recovery of [!4C]ergosterol only 3-5 hr. after dosing 
was so poor that intestinal bacteria can hardly be 
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held entirely responsible. In terms of radioactivity 
2:6% of the dose was recovered from the upper 
intestine and stomach and had not at that time 
passed down the intestine far enough for appreciable 
bacterial metabolism to have occurred, yet less than 
1% of the dose was detectable as [C]ergosterol. 
The observation of Cruickshank, Kodicek & 
Armitage (1955), who studied the absorption of 
ergocalciferol in rats previously treated with the 
bacteriostatic agent succinyl sulphathiazole, was 
very similar to that above. The ergocalciferol was 
destroyed just as extensively in the treated animals 
as in controls. It would appear that an oxidative- 
enzyme system within the lumen itself has caused 
a considerable part of the destruction observed. 

At least 50% of the compound appears to suffer 
attack at the 38-OH group since 44% of the 
recovered material is not precipitated by digitonin, 
and since the fraction from the column eluted with 
8-12 % (v/v) ether in light petroleum is small and 
does not apparently contain much reduction product 
of the [C]ergosterol. Perhaps ketonic compounds 
similar to those found by Riddell & Cook (1955) 
are formed. The fact that a considerable portion 
of the unsaponifiable matter was more strongly 
adsorbed on the alumina column than ergosterc! 
itself suggests that hydroxylated derivatives were 
also formed. A detailed analysis of the fractions 
eluted from the column was not, however, carried 
out, but spectrophotometric analysis revealed that 
the conjugated diene system had also been largely 
destroyed. 

The acidic fraction obtained by extracting the 
lipids recovered from the lumen contents with 
sodium bicarbonate shows that a more extensive 
degradation of the molecule has taken place. Part 
of this material probably arises from ergosterol, 
absorbed, metabolized in the liver and excreted as 
a bile acid in a similar manner to the metabolism 
of ergosterol (Hanahan & Al-Wakil, 1953) and 
cholesterol (Bloch, Berg & Rittenberg, 1943; 
Bergstrém, 1953; Siperstein & Chaikoff, 1952), and 
the remainder by metabolism in the lumen of the 
intestine (Edwards & Cook, 1955). 

Some acidic material labelled with 14C recovered 
from the aqueous fraction after saponification must 
have been present as an ester in the contents. 

Irrespective of the detailed nature of the above 
metabolites, it is quite clear that the absorption 
process has to compete quite strongly with de- 
structive enzymes in the lumen. 

Gut wall and liver. The values for [14C]ergosterol in 
these tissues only represent the equilibrium amounts 
present between the absorption and metabolic 
processes. They are relatively small in comparison 
with the bulk of animal sterol in the tissue, but if, 
as it appears from the work of Glover & Green 
(1954, 1956), the dietary sterols mix readily with the 
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endogenous sterols, then the rapid appearance of the 
14C-labelled acidic fractions indicates a rapid turn- 
over of the normal tissue sterol and is in keeping 
with the results of Popjak & Beeckmans (1950), who 
found the half-life of sterols in the intestine of the 
rabbit to be less than 3 hr. 

Adrenals. The active manner in which this organ 
takes up the dietary radioactive sterol or its meta- 
bolites suggests that the adrenals, although capable 
of synthesizing cholesterol de novo (Gould & Taylor, 
1950), probably receive much of their sterol reserve 
from the blood stream. The rapid appearance of 
radioactivity in the fatty acid fractions implies that 
the tissue itself may be responsible for the degrada- 
tion. 

Skin. Although ingested ['4C]ergosterol was 
transformed into a more saturated compound in 
skin tissue, unequivocal evidence for the reduction 
of ergosterol to a A5- or A’-sterol was not obtained. 
Sterol dehydrogenases are probably present which 
can bring about the transformation of cholesterol into 
7-dehydrocholesterol and lathosterol (A’-cholest- 
enol), all known to occur in skin tissue (Glover et al. 
1952; Idler & Baumann, 1953), but further work will 
be necessary to show if they can act on ergosterol. 

The occurrence of hydrogenases catalysing the 
reduction of 7-dehydrocholesterol to more saturated 
sterols in the intestine of the guinea pig has pre- 
viously been demonstrated (Glover et al. 1952). 
More recently, the enzymic reduction of 7-dehydro- 
cholesterol to lathosterol has been demonstrated in 
the guinea-pig intestine (Green, 1955) and con- 
firmed in that of the rat (Glover & Stainer, 1956). 


SUMMARY 


1. The absorption by young female guinea pigs of 
ergosterol and of uniformly C-labelled material 
dispersed in ethyl oleate has been shown to be small 
but significant. Similarly, absorption of the latter 
dispersion by male guinea pigs is also poor, but 
that of a suspension of [!4C]ergosterol in aqueous 
Tween 80 is a little better. A possible reason for the 
poor absorption is discussed. 

2. The percentage absorbed was less than 0-3 % 
estimated spectroscopically, and 0-6—4-8 % by the 
assay of MC in lipid fractions of the liver, intestine 
and adrenals. The discrepancy in the two values 
obtained by the different methods arises from the 
active metabolism of the ingested ergosterol. 
Moreover, the small amounts of radioactive carbon 
which would normally enter the protein fractions 
from the labelled intermediary metabolites have not 
been assayed. 

3. The main immediate metabolic products of 
ergosterol found in the intestine, liver and adrenals 
are acidic in nature. Some of these, however, may 
arise by oxidative attack in the intestine. 
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4. The uptake of radioactivity by the adrenals 
17 hr. after dosing was as high as that by the liver, 
indicating that they play an important role in the 
metabolism of dietary ergosterol. 


We wish to thank the Medical Research Council for 
financial support. 
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Subcutaneous injections of adrenaline cause in the 
rat an incre 





in the concentration of plasma 
fibrinogen (Henriques, Henriques & Mattos, 1950) 
This effect seems to be specific for adrenaline, since 
other sympathomimetic amines and their deriva- 
tives, administered in the same dose, cause a much 
lower increase in fibrinogen concentration, or have 
no effect at all (Henriques, Henriques & Levy, 
1956). 


made to clucidate whether the adrenaline-induced 


In the present work an attempt has been 
increase in fibrinogen is produced by a simple 
liberation of the protein from its possible stores or 
is caused by a more direct action of adrenaline on 
the metabolism of fibrinogen by stimulating its 
synthesis. For this purpose the specific radioactivity 
of glycine isolated from fibrinogen of rats treated 
with adrenaline was compared with that of controls 
injected with an equal volume of saline at various 
times after administration of [«-'C]glycine, the 
concentration of fibrinogen being determined at the 
same time. To control the specificity of the action 
of adrenaline on fibrinogen, the incorporation of 
labelled glycine into the mixed serum proteins was 
determined simultaneously. As there is the possi 
bility that 
protein synthesis, the incorporation of labelled 


liver glutathione plays some role in 


glycine into this tripeptide under adrenaline treat- 
ment was also studied. In connexion with this the 
concentration of glutathione in the liver of rats was 
also determined at different times after adrenaline 
injection. 


METHODS 


General. Female albino rats (96), weighing 150-180 g., 
were divided at random into 12 groups of 8 rats each, and 
used in the incorporation experiments. Half of these rats 
received subcutaneously | pg. of adrenaline/g. of body wt. in 
0-1-0°3 ml. of solution, and the other half received the same 


volume of saline. All the animals were fasted after these 


injections, which were done alternately, one rat receiving 


adrenaline and the other saline 5 min. later, in order to 
reduce the differences caused by the conditions of the 
animals and to allow accurate timing of the subsequent 
glycine injection and killing. Two hours after the adrenaline 
or the saline treatment each rat was injected intravenously, 
through a tail vein, with 2-5 ye of [«-"C]glycine (0-12 mg, 
dissolved in 0-125 ml. of 0-85% NaCl)/100 g. of body wt. 
Exactly 10 min., 20 min. and 1, 2, 3 and 4 hr. respectively 
after glycine injection, the animals were bled from the 
aorta under anaesthesia (pentobarbitone sodium, 4 mg. 
100 g. of body wt.) and their livers were quickly removed, 
sliced, pressed against blotting paper and frozen in dry ice. 
Equal weights (usually 5 g.) of liver from each rat from the 
same group were pooled, finely pulverized in a mortar while 
frozen by dry ice, and immediately extracted with a solution 
of trichloroacetic acid (TCA) in the manner subsequently 
described, The blood was collected with a syringe coated 
with silicone, Dry Film 9987 (General Electric Co., Pittsfield, 
Mass., U.S.A.), and clotting was prevented by the addition 
of 0-OL ml. of 830% (w/v) potassium oxalate/ml. of blood. 

Twenty female albino rats, weighing 210-225 g., were 
divided at random into 4 groups of 5 rats each, and used for 
investigating the influence of adrenaline on the concentra 
tion of liver glutathione (GSH). The animals of group 1 
received no treatment and served as controls, whereas those 
of groups 2-4 received subcutancously | wg. of adrenaline 
100 g. of body wt. At 60, 150 and 250 min. after adrenaline 
injection the animals of groups 2-4 respectively were killed, 
under anaesthesia as previously described, by section of the 
inferior vena cava between the liver and the heart, the liver 
being removed after pressing out most of its blood. The 
controls were killed in the same way. A portion (1 g.) of the 
liver was extracted in a Potter homogenizer for a few minutes 
with 4 vol. of 0-14N-sulphosalicylic acid. The extract 
obtained was centrifuged and the clear supernatant was 
kept frozen until the determination of GSH, which took 
place at most 24 hr. later, 

Estimation and isolation of fibrinogen. Plasma (0-5 ml.) 
from each rat was used for the determination of fibrinogen 
by the technique of Cullen & Van Slyke (1920) with ashing 
by the method of Campbell & Hanna (1937), distillation and 
titration of ammonia. The rest of the plasma was used for 
the isolation of fibrinogen as fibrin, also by the technique of 
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Cullen & Van Slyke (1920), after mixing equal volumes of 
plasma of each rat from the same group. The fibrin clot was 
pressed against filter paper, suspended in 10 ml. of 0-9% 
NaCl containing 2 mg. of inactive glycine and left in the 
cold for 24 hr. with occasional stirring. With the same 
technique the fibrin was further washed four times with 
09% NaCl. 

Extraction of free amino acids and glutathione. The diluted 
serum obtained after the separation of fibrin was freeze- 
dried and the dry residue dissolved in a small volume of 
water. This solution or the liver powder was treated with an 
equal weight of 10% (w/v) TCA. After being thoroughly 
mixed and left standing for at least. 10 min., the mixtures 
were centrifuged. The precipitated proteins were resus- 
pended in half the initial volume of 5% (w/v) TCA and this 
extraction was repeated twice. An amount equivalent to 
about one-third of the pooled livers and the whole-serum 
extract was used for glycine isolation, and the remaining 
two-thirds of the pooled livers were used for the isolation of 
GSH. 

Isolation of glutathione. The glutathione was precipitated 
as cuprous mercaptide (GSCu) by the method of Hopkins 
(1929), with preliminary separation as cadmium mercaptide 
(Waelsch & Rittenberg, 1941). 

Separation of serum proteins. The washed serum proteins 
were resuspended in LO ml. of 5% (w/v) TCA containing 
inactive glycine (20 mg./100 ml.) and left at room temper- 
ature for 24 hr. with occasional stirring. The proteins were 
then separated by centrifuging, resuspended in 5% (w/v) 
TCA, left for 24 hr. with occasional stirring and centrifuged 
again. This treatment was repeated four times. The proteins 
were further washed three times with acetone, extracted 
once with a boiling ethanol-cther mixture (3:1, v/v) and 
dried over P,¢ ae 

Isolation of glycine and radioactivity measurements. 
Glycine was isolated as 2:4-dinitrophenylglycine (DNP- 
glycine) from TCA extracts of liver and serum and from 
hydrolysates of GSCu, total serum protein and fibrinogen, 
by Campbell & Work’s (1952) method. Te the isolated DNP 
glycine, the amount of which was estimated with the aid of 
a Beckman spectrophotometer as described by Krol (1952), 
a measured amount of inactive DNP-glycine was added. 
After evaporation of the ether in vacuo the DN P-glycine ob- 
tained was recrystallized from ethyl acetate—light petroleum. 
The crystalline material, about 20 mg., was mounted on 
polythene disks of 1 em.* area. All samples were counted 
long enough to reduce the counting error to less than 3%. 
A standard consisting of “C-labelled Perspex (poly[™C]- 
methyl methacrylate), supplied by the Radiochemical 
Centre, Amersham, was used to check the counting system. 

Estimation of glutathione. This was done by the mano 
metric, methylglyoxalase method described by Woodward 
(1935), acetone-yeast prepared according to Albert, 
sSuchner & Rapp (1902) being used as the source of methyl- 
glyoxalase. The concentration of liver GSH was determined 
by comparing the volumes of CO, produced by 0-125 and 
0-250 ml. samples of the neutralized sulphosalicylic extract 
of each liver, corresponding respectively to 25 and 50 mg. of 
this organ, with the amount of CO, produced by the same 
volumes of the GSH standard, corresponding to 40 and 
80 ug. of GSH respectively, which were run simultaneously. 
For the calculation of the GSH concentration, we first 
computed the volume v which should be added to, or sub- 
tracted from, the average volume of standard (0-1875 ml.) 
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in such a way that the average standard response (CO, 
production) would equal the average ‘unknown’ response, 
with the aid of the following equation: 
I Ay, + Aug - (Ae, + Arg) 
v ’ 
A,, +A,,—(Ag, + Ay,) 
in which J is the interval between samples in the volume 
u, and A,,, 
tion for the larger and smaller samples of liver extract; A,, 


scale; A are the recorded values of CO, produc 
and A,, are the observed values of CO, production for the 
corresponding samples of standard. It can be seen that the 
volume V of standard that should give the same answer as 
the average unknown is obtained from 
V =0-1875--». 

Since 37-5 mg. of liver is the average of the two doses of 
unknown, and 60 yg. the average weight of the standard, the 
concentration of GSH in mg./100 g. of liver can be calculated 


from 60 x V x 100 


01875 x 37-5" 

The use of both ‘standard’ and ‘unknown’ at two dose 
levels was adopted in order to reduce the errors caused by 
daily changes in position and slope of the curve, which we 
found to occur in the dose-effect relationship between the 
CO, produced and the GSH concentration. Since it became 
difficult to handle all the rats in the same day, in order to 
control the daily variation of the rats we used one random 
ized representative of each group in every assay. 

RESULTS 
Specific radioactivity of free serum glycine 
In the adrenaline- and in the saline-treated rats, the 
rate of fall of the specific radioactivity of the free 
glycine changed very much with time (‘Table 1). In 
both groups, 10 min. after the administration of 
[a-M@C|glycine, the specific radioactivity of serum 
glycine was about twice what it was 10 min. later. 


’ 


Thereafter, however, this ‘halving time’ increased 
constantly in both groups, being about 60 min. 
between the first and the second hours, and 120 min. 
between the second and fourth hours after glycine 
administration. This shows that a single exponential 
curve cannot be adapted to the values for specific 
radioactivity of serum glycine presented in Table 1. 
By applying the method of Solomon (1949), we 
found that the 
equation gives a good agreement between expected 


following ‘two compartment’ 
and found values for the specific radioactivity of 
free glycine of both groups (‘Table 1): 

S() 100050e 0-099 } l 1555e 0-0066¢ | (1) 
in which f(t) is the expected radioactivity of free 
glycine, expressed as DNP-glycine (counts min./ 
em.?, at infinite thickness), at time ¢. 

Specific radioactivity of free liver glycine 
The specific radioactivity of liver glycine of 
adrenaline-treated rats was substantially the same 
as that of the saline-treated ones at the correspond- 
ing time intervals after the administration of 
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[x-!4C]glycine (Table 1). While this indicates that 
adrenaline did not change the permeability of liver 
to glycine, it is noteworthy that the rate of pene- 
tration of glycine into the liver seems to be very 
short, since 10 min. after glycine administration the 


radioactivity of liver glycine had equalled that of 


serum glycine. We tried to fit to our data a theo- 
retical curve obtained by integration of a differential 
equation, presented previously (Henriques, Hen- 
riques & Neuberger, 1955) to describe the relation 
between the specific radioactivity of a product and 
its precursor for the case in which the former is 
involved in some other reaction than its reversible 
transformation into the precursor 


Idx p, 


x 

rdtr Ke — (1+) “| P (2) ¢m.2 at infinite thickness). ' 
in which x is the amount of radioactivity present in Specific radioactivity of glutathione—glycine in the liver 
liver glycine; r is the size of the pool of liver glycine; The specific activity of GSH glycine from the 
p, is the rate of penetration of glycine into liver; adrenaline-treated as well as from the control rats 
f(t) is the specific activity of the precursor of liver _ rises sharply at first, reaches a maximum at the end 
glycine (we assume plasma glycine to be the pre- of 60 min., falls rapidly in the next 60 min. and more 
cursor of liver glycine since the radioactivity comes slowly from then on (Table 2). However, the values , 


from the former); K is a constant. After replacing 
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/(t) by equation (1) and integrating, we found that, 
with the derived theoretical equation, the best fit 
was obtained with a value of 1-30 for (1+ K) and 
a renewal time (r/p,) of 5 min. for liver glycine, 
which is about one-third of that found previously 
for rabbit liver (Henriques et al. 1955). Accordingly, 
it can be seen (Table 1) that good agreement between 
the expected and found values for the specific radio- 
activity of liver glycine from adrenaline-treated 
and control rats was obtained with the aid of the 
following equation: 
x/r = 124363 (e-0°099t — @--0-26t) 

-+ 9120 (e-0-0066r __@-0-26t), (3) 
in which 2/r is the specific radioactivity of liver 
glycine expressed as DNP-glycine (counts/min./ 


for specific activity of the GSH glycine from the 


Table 1. Comparison of the specific radioactivity of free glycine, as DN P-glycine, from liver and serum from 





rats injected with [a-!@C]glycine (2-5 uc/100 g. of body wt.) and adrenaline (1 pg./g. of body wt.), with that 
of rats injected with [a-4C]glycine and saline | 


Each figure represents an average of 8 rats. Adrenaline was injected 2 hr. before labelled glycine. The expected values 
for serum in column 4 were calculated from eqn. 1, and for liver in column 7 from eqn. 2. 


Specific radioactivity of DNP-glycine (counts/min./cm.*) from 
Time after -—- re ———— 
intravenous Serum Liver 
injection of 7 —! ---- ~- ——--- 2A 
[a-!C]glycine Adrenaline Saline Expected Adrenaline Saline Expected 
(min.) treated treated values treated treated values 
10 48070 49660 48070 49070 44360 44748 
20 24500 23480* 24500 20940 19940 24394 
60 8750 11170 7850 5800 5730 6458 j 
120 4384 4569 5778 1805 2027 4514 
180 3730 3660 3552 2280 2560 2776 } 
240 2640 2593 2388 1214 1017 1867 


* This figure represents the average value from 5 rats. 


Table 2. Comparison of the specific activities of DN P-glycine samples obtained by hydrolysis of plasma fibrin, 
serum mixed proteins and liver glutathione (GSH) of rats injected with adrenaline (1 yg./g. of body wt.) 
and [x-4C]glycine, with those of controls injected with saline and [«-4C]glycine (2-5 wo/100 g. of body wt.) 








Each figure represents an average value from 8 rats. ) 
Specific radioactivity of DNP-glycine (counts/min./cm.*) from 
ane en eS A ie eee hs ani ae ee ee 
Time after Plasma fibrinogen Serum proteins Liver GSH 
injection of ? —$__A___ = — — 
[«-!4C]glycine Adrenaline Saline Adrenaline Saline Adrenaline Saline 
(min.) treated treated treated treated treated treated 
10 0 3°8 3-0 10 3860 2560 
20 57 30 45 6 6220 3600 
60 990 590 586 490 7440 5530 
120 1539 1211 810 830 3456 3206 
180 1590 1100 850 890 3760 3800 
240 1572 943 870 720 1948 2072 
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adrenaline-treated animals were respectively 51, 73 
and 34% higher than those of the controls 10, 20 


and 60 min. respectively after administration of 


isotopic glycine; the later values were substantially 
the same for both groups. Since the specific 
activity of free liver glycine, the presumed pre- 
cursor of liver GSH glycine, was the same in both 
groups (Table 1), this difference in the GSH 
glycine curves can be explained by the reduction in 
the turnover time of GSH caused by adrenaline 
treatment. This was calculated by the graphic 
method of Zilversmit, Entenman & Fishler (1943), 
the ascending part of the curve (10—60 min.) being 
used, and was found to be 111 min. for the adrena- 
line-treated rats and 163 min. for the saline-treated 
ones. Very similar renewal times, when used in the 
equation below, were found to give a reasonable 
agreement between expected and found values 
(Fig. 1) for the specific radioactivity of GSH 
glycine, namely 100 min. and a K, value of 0-40 for 
the adrenaline-treated and 150 min. and a Ky, of 
0-50 for the control rats: 


u__p3[ 124363(e-%-" — e-4s") 
¥ Bz —0-099 
9120(e-0-0066¢ _ & Bst) 
B, — 0-0066 


124363 + 9120 (e-Bet —g-0-a0r (4) 
B,—0-26 * ; 


ts 1; 


in which u/r, is the expected specific radioactivity of 


GSH glycine, p,/7r, is the inverse of the GSH. turn- 
over time and B,= p,/r, (1+ K;). Equation (4) was 
obtained by integration of equation (2) after re- 
placing f(t) by equation (3), which gives the ex- 
pected activity curve for liver-free glycine, the 
presumed precursor of GSH glycine; other symbols 
of equation (2) were also changed to avoid ambiguity. 

These calculations assume that the concentration 
of GSH does not change during the experiment, an 
assumption which seems to be correct (see Table 3). 
Indeed, although adrenaline treatment decreased 
slightly the concentration of liver glutathione, the 
lowest value found, 85 % of the control 2-5 hr. after 
adrenaline treatment, was not found to be signifi- 
cantly different from the concentration of liver GSH 
of the controls. It seems therefore that the adren- 
aline treatment decreases markedly the turnover 
time of liver GSH. 


Incorporation of labelled glycine into the 
plasma fibrinogen and serum proteins 
Plasma fibrinogen concentration was changed 
very little by adrenaline treatment during the 
experiment (Table 4), the maximal difference being 
a 20% increase in relation to the controls at the end 
of 360 min. after adrenaline injection (240 min. 
after administration of isotopic glycine). However, 


15 
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Fig. 1. Changes of the specific radioactivities of glycine 
obtained by hydrolysis of liver glutathione (‘Table 2) from 
adrenaline-treated (O) and control rats (@). The 
theoretical curves were obtained according to equation 
(4), a ‘renewal time’ of 100 min., K, =0-40, being used for 
the adrenaline-treated rats (A) and 150 min., K,=0-50, 
being used for the controls (B). 
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Table 3. Liver-glutathione concentration of rats after 
subcutaneous injection of 1 yg. of adrenaline/g. of 
body wt., as compared to normal controls 
The time given in column 1 is the interval between the 

injection of adrenaline and the killing of rats. Five rats 

per group were used. 


Time Liver glutathione P related 
(min.) (mg./100 g.+s.E.) to controls 
0 179+ 7:9 — 

60 177+ 9-3 0-6-0-7 
150 152+. 15-6 0-1-0-2 
250 156+ 14-7 0-2-0-3 


Table 4. 
after subcutaneous injection of 1 pg. of adrenaline|/ 
g. of body wt., as compared to saline controls 


Plasma-fibrinogen concentration of rats 


The time given in column 1 is the interval between the 
injection of adrenaline or saline and bleeding of the rats. 
In all rats [a«-“C]glycine was injected 2hr. after the 
adrenaline. Each figure represents an average value from 
re Plasma fibrinogen 

(mg./100 ml. +s.2.) 


Adrenaline- Saline- 











Time 

(min.) treated treated 
130 228+11-0 218+ 7-0 
140 *245+18-0 222+ 81 
180 227+ 9-4 202+ 5-9 
240 208 + 10-5 207+ 5:7 
300 240+ 5-6 206 +. 17-4 
360 241+ 4:8 199+ 11-1 


‘ 
* This figure represents the average value from 5 rats. 
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except for the 10 min. group, for which the low 
recorded countings were affected by large errors, 
the specific radioactivity of fibrinogen glycine in the 
adrenaline-treated rats was higher than in the 
control groups (Table 2) throughout the experiment 
(90, 68, 27, 45 and 67 % higher than the controls, 20, 
60, 120, 180 and 240 min., respectively, after the 
administration of isotopic glycine). This could be 
explained by an adrenaline-induced increase in 
fibrinogen synthesis, which we should be able to 
measure by means of the turnover time of fibrinogen, 
since the already mentioned data for fibrinogen 
concentration showed very little deviation from the 
steady state. By the use therefore of the ascending 
part of the time-activity curve (20-180 min.) of 
fibrinogen glycine, and by assuming free glycine to 
be the immediate precursor of fibrinogen glycine, 
we calculated the turnover time of fibrinogen in 
both groups by the graphic method of Zilversmit 
et al. (1943), and found turnover times of 7 hr. and 
9hr. 44min. respectively for adrenaline-treated 
and control rats. These figures can be accepted only 
for comparison, owing to the complex nature of the 
reactions leading to fibrinogen synthesis and release 
into the circulation. 

It can be inferred from Table 2 that, except for the 
initial times, 10 and 20 min., for which determina- 
tions of specific activities are expected to be 
affected by large errors, the specific activity of the 
glycine isolated from the mixed serum proteins of 
the adrenaline-treated agreed within 20 % with that 
of the control rats. 


DISCUSSION 


Influence of adrenaline on the turnover of 
liver glutathione 
The figures for the turnover of liver GSH were 
obtained on the assumption that liver glycine is the 
immediate precursor of GSH glycine. This might 
be true since Snoke & Bloch (1952) showed that the 
reaction between y-glutamyleysteine and glycine is 
the last step in the synthesis of GSH, which is 
catalysed by extracts of acetone-dried pigeon liver. 
But, as Fodor, Miller, Neidle & Waelsch (1953) 


showed that the synthesis of GSH by extracts of 


sheep kidney involves the reaction between y- 
glutamyl peptides and cysteinylglycine, an accurate 
determination of the ‘renewal time’ of liver GSH 
would require a thorough analysis of the time— 


activity curves of liver glycine, the glycine of 


cysteinylglycine and GSH glycine, although Fodor 
et al. (1953) did not show that y-glutamyl] peptides 
occur in the organism. It seems, however, that our 
data on GSH turnover can be accepted for com- 


parison since cysteinylglycine has not so far been 
isolated from any biological source (Fromageot, 
1953; Synge, 1953), although Tishkoff, Zaffaroni & 
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Tesluk (1948) presented some evidence for the 
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existence of cysteine-containing peptide(s) in 
purified liver extract. It would seem therefore that 
cysteinylglycine occurs in the liver in small concen- 
trations; hence, if it were an important precursor of 
GSH glycine, its turnover should be very quick so 
that its time-activity curve should closely follow 
that of glycine. These considerations and the 
already-mentioned good agreement between ex- 
pected and found values show that the calculations 
of turnover times for liver GSH are quite close to 
reality and that adrenaline does indeed increase the 
turnover rate of GSH. Assuming a concentration of 
GSH of 170 mg./100 g. of liver, the rate of synthesis 
and breakdown (in mg./100 g. of liver/hr.) was about 
60 in the controls and 90 in the adrenaline-treated 
rats. 


Influence of adrenaline on the incorporation of 
labelled glycine into plasma fibrinogen 


When applying the graphical method of Zilver- 
smit et al. (1943) and assuming free glycine to be 
the immediate precursor of fibrinogen glycine, we 
conclude from our results that adrenaline shortens 
the turnover time of fibrinogen. However, since our 
data show that during the experimental period the 
fibrinogen from the adrenaline-treated rats deviated 
slightly from the ‘steady state’ the above conclusion 
may not be totally valid. Therefore it should be 
mentioned that in an experiment made with 2 
groups of 10 rats each, we observed a threefold 
increase in fibrinogen concentration in the group 
treated with a high dose of adrenaline. Thus the 
average concentration in plasma of the rats injected 
subcutaneously with 400 yg. of adrenaline (divided 
into 4 doses at 1-5 hr. intervals)/g. of body wt. was 
620 mg./100 ml. of plasma 16 hr. after the first 
injection of adrenaline, whereas that of the controls 
was 200 mg./ml. This threefold rise in fibrinogen 
might be due to a complete inhibition of fibrinogen 
breakdown, the rate of its synthesis remaining 
constant, but if this were the case, the turnover time 
of rat fibrinogen should be about 5 hr. It is therefore 
suggested that, at least with high doses, the adren- 
aline-induced rise in fibrinogen must be partially due 
to an increase in fibrinogen synthesis. 


SUMMARY 


1. The incorporation of [«-C]glycine into liver 
glutathione, plasma fibrinogen and mixed serum 
proteins was measured at times ranging from 130 to 
360 min. after subcutaneous injections of adrenaline 
and saline into rats. 

2. The ‘renewal times’ of glutathione 
calculated to be about 100 min. in the adrenaline- 
treated and 150 min. in the control rats. 
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3. The specific radioactivity of the glycine iso- 
lated from fibrinogen of the adrenaline-treated rats 
was higher than in the controls throughout the 
experiment. 

4. The specific radioactivity of the glycine iso- 
lated from mixed serum proteins of adrenaline- 
treated rats was very similar to that of glycine 
isolated from the same proteins of the saline controls 
at all times. 


Our thanks are due to the Brazilian Research Council for 
the [«-C]glycine used in this work. We wish to express our 
thanks to Professor A. Neuberger, F.R.S., for helpful 
criticism during the writing of this paper. 
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Phenc lic 
removed 


compounds are oxidized, and hence 
from industrial effluents, by micro- 
organisms during percolation through sewage beds. 
Compared with purely chemical processes of ex- 


traction this method is cheap; and the problems of 


effluent disposal of an expanding coal-gas industry 
have led to increasing interest in the mechanisms by 
which phenols are biologically oxidized. The present 
investigations on p-cresol afford the first detailed 
study of the oxidation by bacteria of methyl groups 
of aromatic compounds; and the extension of these 
studies to oxidation of xylenols has provided 
information concerning the specificity of such 
mechanisms. From observations on ‘simultaneous 
adaptation’ (sequential induction) of whole cells, 
and isolation of p-hydroxybenzoic acid from a 
culture of Pseudomonas sp. growing at the expense 
of p-cresol, Smith, Jones & Evans (1952) have 
suggested that p-cresol is oxidized by way of 
p-hydroxybenzy1 alcohol, p-hydroxybenzaldehyde 
and p-hydroxybenzoic acid. 


EXPERIMENTAL 


Organism. The organism was isolated from liquid that had 
circulated through an experimental plant for the treatment 
of gas-works effluent in the Department of Coal Gas and 


Fuel Industries in this University. Dr G. M. Williamson 
kindly examined the organism and identified it as a species 
of Pseudomonas. It is a Gram-negative rod about |p x 2p 
with 2-6 polar flagella; it does not produce a pigment. From 
observations on its growth in various media, its biochemical 
activities and its behaviour towards penicillin, Terramycin 
and 2:4-diamino-6:7-di-isopropylpteridine itis closely related 
to, but not identical with, Pseudomonas cruciviae (Bergey, 
1950). The organism was maintained by monthly serial 
subcultures on nutrient-agar slopes and cultures were 
grown with forced aeration at 30° in a medium adjusted with 
NaOH to pH 7, and containing, per litre: KH,PO,, 2 g.; 
(NH,).SO,, 1 g.; MgSO,,7H,O, 0-2 g.; p-cresol, 0-3 g. The 
relationship between bacterial crop and p-cresol concentra- 
tion was approximately linear up to 0-3 g. of p-cresol/l., but 
at concentrations greater than 0-4 g./l. the compound was 
increasingly inhibitory to growth. When 25 ml. of liquid 
medium was inoculated from the slope, full growth was 
reached in 2 days. The whole of this culture was used as 
inoculum for 1]. of fresh medium and after overnight 
growth the new culture was, in turn, used to inoculate 10 |. 
of medium; the cells were harvested after further growth 
for 18 hr. All buffer solutions contained KH,PO, of the 
strength stated in the text, adjusted to pH 7 by addition of 
NaOH. For measurements of O, uptake, cells were washed 
twice with 0-1mM-phosphate buffer and suspended in this 
buffer to give a cell density of 10 mg. dry wt./ml. Cell-free 
extracts were prepared with the Hughes bacterial press 
(Hughes, 1951), without abrasive, at —14°. Each 1 g. of 


15-2 
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crushed cells was taken up in 2 ml. of 0-1 M-phosphate buffer 
pH 7, and the pink, viscous extract freed from cell debris by 
centrifuging for 30 min. at 42 000 rev./min. in a preparative 
rotor of the Spinco model E ultracentrifuge. 

Materials. Triphosphopyridine nucieotide (‘TPN) and 
diphosphopyridine nucleotide (DPN), both of 95% purity, 
were obtained from L. Light and Co., Colnbrook, Bucks. The 
aromatic compounds used were B.D.H. laboratory reagents, 
or AnalaR grade where available. cis-cis-Muconic acid was 
a gift from Dr R. P. Linstead. 


RESULTS 


Oxidation by washed suspensions and cell-free 
extracts. Fig. 1 shows that intermediates in p-cresol 
oxidation suggested by Smith et al. (1952) were 
readily oxidized by whole cells; p-hydroxybenzy!] 
alcohol was not tested since it is difficult to prepare 
and purify, and, if so obtained, rapidly resinifies 
(Peppiatt & Wicker, 1954). Members of the tri- 
carboxylic acid cycle were also readily oxidized. 
The slower rate of oxidation of citrate may be due to 
its slow penetration to the interior of the cells, since 
citrate was oxidized by cell-free extracts rather 
more rapidly than succinate. Catechol and cis-cis- 
muconic acid, which are intermediates in the 
bacterial oxidation of phenol (Evans & Happold, 
1939; Evans & Smith, 1951) were attacked only 
slowly by whole cells and not at all by cell-free 
extracts. After correction for the blank, total 
uptakes of O, (moles of O,/mole of substrate) in the 
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Fig. 1. Oxidation of various compounds by whole cells and 
cell-free extracts. Each cup contained KOH in the 
centre well, 1 ml. of bacterial suspension or cell-free 
extract and 0-1 M-phosphate buffer, pH 7, to a total liquid 
volume of 3 ml. Side bulbs contained 5ymoles of the 
following, neutralized with NaOH where necessary: 
(1) p-cresol; (2) p-hydroxybenzaldehyde; (3) p-hydroxy- 
benzoic acid; (4) protocatechuic acid; (5) citric acid; 
(6) succinic acid; (7) cis-cis-muconic acid; (8) catechol; 
(9) no substrate. 


presence of extracts were approximately as follows: 
p-cresol, 3; p-hydroxybenzaldehyde, 2; p-hydroxy- 
benzoic acid, 1-5 and protocatechuic acid, 1. 
Conversion of p-cresol into p-hydroxybenzaldehyde. 
When cells were freeze-dried their ability to oxidize 
p-hydroxybenzaldehyde was largely abolished, 
although p-cresol was still attacked. Freeze-dried 
cells (100 mg.) suspended in 10 ml. of 0-1M-phos- 
phate buffer, pH 7, were shaken mechanically at 
30° with 10 ml. of 0-01M-p-cresol. For samples 
freed from cells by centrifuging, the increase in 
optical density was then measured at a wavelength 
of 286 mp, where a maximum occurs in the ab- 
sorption spectrum of p-hydroxybenzaldehyde. 
When there was no further increase the cells were 
removed and an acidified solution of 2:4-dinitro- 
phenylhydrazine was added until precipitation was 
complete. After filtration, washing and recrystal- 
lization twice from ethanol, the hydrazone was dried 
in a desiccator over CaCl, in vacuo; m.p. 268—270° 
(decomp.), and 268—270° (decomp.) when mixed 
with authentic 2:4-dinitrophenylhydrazone of p- 
hydroxybenzaldehyde, m.p. 270—-272° (decomp.). 
Fig. 2 shows the absorption curves of our sample and 
that of an authentic specimen of 2:4-dinitropheny]- 
hydrazone of p-hydroxybenzaldehyde dissolved in 
ethanol. The maximum value of L};°, for both speci- 
mens under these conditions was 630 at 395m. 
In Fig. 1 it is seen that although whole cells 
oxidized p-cresol as rapidly as the compounds 
postulated as intermediates, its rate of oxidation by 
cell-free extracts, prepared with the Hughes press, 
was considerably smaller. This suggested that a 
factor involved in p-cresol oxidation had been 
removed from extracts during their preparation. 
After centrifuging at 42000 rev./min., a suspension 
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Fig. 2. Absorption spectra of two solutions of 2:4-dinitro- 
phenylhydrazones in ethanol. The curve is for an authentic 
specimen of the 2:4-dinitrophenylhydrazone of p-hydr- 
oxybenzaldehyde and the experimental points for the 
2:4-dinitrophenylhydrazone of material produced by 
oxidation of p-cresol by freeze-dried cells. 
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of crushed cells separated into three layers: clear- 
pink supernatant, a well-defined layer of pink 
particles in the form of a jelly and a deeper layer of 
whitish cell debris at the bottom of the tube. The 
pink-particle fraction was separated and washed by 
suspension in phosphate buffer followed by centri- 
fuging and resuspension, and its effect on p-cresol 
oxidation was then investigated. From values 
plotted in Fig. 3, the initial rates of oxidation of 
p-cresol by clear extract, particle suspension and 
a mixture of the two were respectively 94, 33 and 
227 wl. of O,/30 min. Examination of the particle 
suspension in a Hartridge reversion spectroscope 
gave clear evidence of a cytochrome system; bands 
at 525 and 555 my could be seen, which disappeared 
on bubbling a stream of air through, and their 
reappearance on standing without aeration was 
accelerated by addition of p-cresol. The cell-free 
extracts possibly owed their pink colour to finer 
particles of the same nature that had resisted centri- 
fuging. When examined in a quartz spectrophoto- 
meter, suitably diluted extracts gave absorption 
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Fig. 3. Effect of a ‘particle’ fraction on the oxidation of 
p-cresol by a cell-free extract. Each cup contained in the 
centre well, 0-1 M-phosphate buffer, pH 7, to a total liquid 
volume of 3 ml., and (1) 0-3 ml. of ‘ particle’ suspension; 
(2) lml. of extract; (3) I ml. of extract +0-3 ml. of 
‘particle’ suspension; (4) 0-3 ml. of ‘ particle’ suspension 

+5 moles of p-cresol; (5) 1 ml. of extract +5 moles of 
p-cresol; (6) I ml. of extract+0-3 ml. of ‘particle’ 
suspension +5 moles of p-cresol. p-Cresol was added 
from the side bulbs. 
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curves with peaks at 525 and 555 my and a pro- 
nounced peak in the Soret region (415 mp). The 
smaller peaks were abolished when the extract was 
aerated between readings in the spectrophotometer. 
of p-hydroxybenzaldehyde into p- 
hydroxybenzoic acid. Gunter (1953) 
absorption curves, which we confirm, for these two 


Conversion 
published 


compounds; p-hydroxybenzaldehyde shows maxi- 
mum absorption at 286 mp and p-hydroxybenzoic 
acid at 246 my. Their interconversion is conse- 
quently accompanied by a marked change in 
absorption which can be followed directly for the 
reaction mixture after suitable dilution, taking the 
reaction ‘control’ (i.e. enzyme with no substrate) 
as ‘blank’ in spectrophotometer readings. 

After they had been precipitated with (NH,),SO, 
and redissolved, extracts still catalysed the oxida- 
tion of protocatechuic acid readily and of p-cresol at 
a greatly reduced rate; but oxidation of p-hydroxy- 
benzaldehyde and p-hydroxybenzoic acid was 
abolished. To each 10 ml. of crude extract was added, 
with stirring, 6 g. of solid (NH,),SO, and the re- 
sulting precipitate centrifuged off, thoroughly 
drained of supernatant and redissolved in 10 ml. of 
0-02 mM-phosphate buffer, pH 7. From results shown 
in Fig. 4, an extract so treated oxidized p-cresol 
with the uptake of about 1 mole of O,/mole of sub- 
strate; flask contents showed the absorption 
spectrum of p-hydroxybenzaldehyde and gave a 
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Fig. 4. Oxidation of p-cresol and p-hydroxybenzaldehyde 
by extracts after treatment with (NH,),SO,. Extract 
was precipitated and then redissolved in 0-02 M-phosphate 
buffer, pH 7. Each cup contained in the centre well 1 ml. 
of extract so treated, 0-1M-phosphate buffer, pH 7, to a 
total liquid volume of 3 ml., KOH and (1) no additions; 
(2) DPN, 200 yug.; (3) p-hydroxy benzaldehyde, 5 wzmoles; 
(4) p-hydroxybenzaldehyde, 5ymoles+ DPN, 200 y¢.; 
(5) p-cresol, 5umoles; (6) p-cresol, 5umoles+ DPN, 
200 ug. p-Cresol and , p-hydroxybenzaldehyde were 
added from the side bulbs. 
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precipitate with 2:4-dinitrophenylhydrazine. When 
DPN was present in addition to p-cresol the final 
uptake was about 1-5 mole of O,/mole of p-cresol, 
no reaction was given with 2:4-dinitrophenyl- 
hydrazine and the spectrum corresponded to that 
of p-hydroxybenzoic acid. p-Hydroxybenzalde- 
hyde was oxidized only in the presence of DPN, 
when 0-5 mole of O,/mole of substrate was taken up, 
and at the end of the reaction the solution showed 
the absorption spectrum of p-hydroxybenzoiec acid. 
The substrate specificities of enzymes catalysing 
these reactions are discussed in a later section. 
Oxidation of p-hydroxybenzoic acid and proto- 
Uptakes of O, by 
crude extracts were compatible with the view that 
p-cresol, p-hydroxybenzaldehyde, p-hydroxyben- 
zoic acid and protocatechuic acid were oxidized to 


catechuic acid by cell-free extracts. 


the same end product and are members of a reaction 
sequence which is broken when the enzyme catalys- 
ing hydroxylation of p-hydroxybenzoie acid is in- 
activated by treatment with (NH,),SO,. On the 
assumption that this effect was due to dissociation 
of a cofactor from the enzyme, attempts were made 
to regain activity by addition of TPN and of various 
metal ions, including Mg?+, Zn2+, Cu2+ and Fe?+ 
ions, but they met with no success. 

From the evidence of absorption spectroscopy, 
the end product of enzymic oxidation was the same 
for each substrate and gave a well-defined ab- 
sorption maximum at 276my. Hitherto, such a 
compound has not been implicated as a product of 
aromatic-ring fission and its chemical structure is 
at present under Professor B. 
Lythgoe. The 100 mg. of pure 
substance for this purpose entails the use of extracts 
derived from 401. of culture, since the proto- 
catechuic acid from which it is produced itself 
than 
9 »moles/m|. The compound forms coiourless prisms 
from water 235° (decomp.); its solubility in 
water at 15° is about 20 mg./ml., it is very soluble in 
hot water and in cold ethanol and sparingly soluble 


investigation by 
isolation of each 


inhibits oxidation at concentrations higher 
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in ether and chloroform. It contains no phenol or 
enol groups, analysis gives (C;H,O,), and alkaline 
titration indicates two carboxy] groups per molecule 
if n= 1. When it is formed from protocatechuic acid 
with the uptake of 1 mole of O,/mole of substrate, 
little or no CO, is evolved. 

Extracts precipitated with (NH,),SO, as de- 
scribed, and then redissolved and dialysed against 
distilled water for 3hr., lost their ability to 
catalyse the oxidation of protocatechuic acid. 
Activity was partially regained on addition of 
2x 10-4m-FeSO,,7H,O and completely regained 
at 10-°m-FeSO,,7H,O; spectroscopic examination 
accumulation of the compound 
absorbing maximally at 276 mp. Activity was not 
restored by addition of Fe*+, Mn?+, Mg?+, Co?* or 
Zn?* ions, all at 10-?m. 


also showed 


Oxidation of derivatives of p-cresol 

Whole cells which had been grown on p-cresol 
oxidized 4-methyleatechol [Fig. 5 (I)] and proto- 
catechuic aldehyde (IT) at the same initial rate as 
p-cresol and protocatechuic acid and with final 
uptakes of O, indicative of complete oxidation. 
However, although (IV), 2:4-xylenol 
(VII) and 4-methylresorcinol (X) were rapidly 
oxidized, only 1-5 mole of O, was taken up per mole 
of substrate in each. This consumption of O, would 
be explained if reactions (b), (c) and (d) occurred 
(Fig. 5), with the accumulation of substitution 
products of p-hydroxybenzoic acid that the cells 


3:4-xylenol 


could not oxidize. 

Cells harvested from 101. 
were resuspended in 61. of a solution containing 
2:4 g. of 3:4-xylenol (IV) and 30g. of KH,PO,, 
adjusted to pH 7 with NaOH, and were aerated at 
30°. After 18 hr., when a small sample gave an 
orange precipitate with 2:4-dinitrophenylhydrazine, 
31. of the bacterial suspension was Seitz-filtered, 
ether-extracted and the ethereal solution dried 
overnight with anhydrous Na,SO,. After evapora- 
tion to dryness at 40°, the white residue was re- 


of p-cresol medium 
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Table 1. Maximum values of absorption spectra of aldehydes and acids 


Compounds were dissolved in M/15 phosphate buffer (sodium and potassium salts, pH 6-98). 


Compound ... V VI Vill 
289, 337 250 
11-2, 4:5 12-6 


Nisa: (mp) 284 24? 
10-8 €max. 13-7 8-1 


crystallized three times from water and dried over 
CaCl, to give colourless plates, m.p. 108°; Heilbron 
& Bunbury (1943) give m.p. 110° for 4-hydroxy-2- 
methylbenzaldehyde (V) (Found: C, 70-5; H, 5-8. 
C,H,O, requires C, 70-6; H, 5-9). The remaining 3 1. 
of bacterial suspension after aeration for a further 
27 hr. was Seitz-filtered and then extracted with 
ether. The ethereal solution was dried, the ether 
removed, the white residue recrystallized four times 
from water and the colourless crystals were dried 
over CaCl, ; m.p. 176—-177°; Heilbron & Bunbury 
(1943) give m.p. 177-178° for 4-hydroxy-2- 
methylbenzoic acid (VI) (Found: C, 59-6; H, 5-4. 
C,H,O,,3H,O requires C, 59-6; H, 5-6). By alkali 
titration, assuming the acid to be monobasic, the 
mol.wt. was 163; C,H,O,,3H,O requires 161. 

Cells grown with p-cresol and suspended in 
phosphate buffer containing 2:4-xylenol (VII) were 
treated similarly and from a sample removed at 
18 hr. a compound was isolated which gave a 2:4- 
dinitrophenylhydrazone and formed colourless 
crystals from water, m.p. 118°. Heilbron & Bunbury 
(1943) give m.p. 118° for 4-hydroxy-3-methy]l- 
benzaldehyde (VIII) (Found: C, 70-6; H, 5-6. 
C,H,O, requires C, 70-6; H, 5-9). Anacid crystallizing 
in colourless needles from water was obtained after 
further aeration of the culture. By alkali titration 
its mol.wt. was 161; m.p. 173-174°. Heilbron & 
Bunbury (1943) give 174—-175° for 4-hydroxy-3- 
methylbenzoic acid (IX) (Found: C, 59-5; H, 5-6. 
C,H,O,,3H,O requires C, 59-6; H, 5-6). 

These isomeric aldehydes and acids are not 
readily obtainable and their absorption spectra are 
apparently not on record. To facilitate the study of 
enzymic reactions in which they participate, the 
absorption spectra of the compounds so isolated 
were plotted, together with those for resorcyl 
aldehyde (XI) and 2:4-dihydroxybenzoic acid (XIT) 
which were available commercially. Molecular- 
extinction coefficients at wavelengths for maximum 
absorption are given in Table 1 for compounds dis- 
solved in phosphate buffer, pH 6-98; extinction 
coefficients are influenced by changes in pH values. 
Fig. 6 shows the absorption spectra of the aldehydes 
and acids whose isolation has been described. 

For whole cells, reactions (d) were shown to 
proceed, as for (b) and (c), with the formation of an 
aldehyde (XI) later converted into the acid (XII); 
but in this case the compounds were identified by 
their absorption spectra and not by isolation. 
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Fig. 6. Absorption spectra of aldehydes and acids. Each 
compound was dissolved in m/15 phosphate buffer, 
pH 6-98, to give a concentration of 0-02-0-03 mm. 
(a) 4-Hydroxy-3-methylbenzaldehyde; (b) 4-hydroxy-2- 
methylbenzaldehyde; (c) 4-hydroxy-3-methylbenzoic 
acid; (d) 4-hydroxy-2-methylbenzoic acid. 
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Cell-free extracts oxidized aldehydes V, VIII and 
XI to their acids with the uptake of 0-5 mole of 
O,/mole of substrate and with the shifts in absorp- 
tion maxima anticipated. Benzaldehyde was not 
oxidized. After precipitation of extracts with 
(NH,),SO,, each aldehyde required the presence of 
DPN for oxidation; TPN was not an effective 
substitute. 

DISCUSSION 


Compounds in the reaction sequence illustrated 
(Fig. 7) were oxidized with the calculated uptake of 
oxygen in the presence,of crude cell-free extracts. 
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Whole cells grown on p-cresol oxidized this sub- 
strate as rapidly as the other compounds shown, but 
with cell-free extracts p-cresol was oxidized at a 
slower rate. That a factor involved in reaction 1 was 
removed during the preparation of soluble extracts 
was suggested by the observation that oxidation of 
p-cresol was accelerated by addition of ‘particles’ 
from material in the well-defined pink-coloured 
layer that deposited over cell debris during centri- 
fuging of crushed Pseudomonas. These particles 
sarried a cytochrome system and appear to be very 
simiiar to the ‘coarse-particle fraction’ obtained by 
Stanier, Gunsalus & Gunsalus (1953) from Pseudo- 
monas fluorescens, which was shown to catalyse the 
oxidation of mandelic acid and benzaldehyde. 
However, there is no direct evidence for the 
separate existence of these ‘particles’ inside the 
cell. Examination by the electron microscope 
showed a range of sizes which may arise from the 
disruption of a cellular structure, as Weibull (1953) 
has suggested for other insoluble-‘particle’ frac- 
tions. The possibility that p-hydroxybenzy] alcohol 
is an intermediate in reaction 1, as suggested by 
Smith et al. (1952), was not tested because of the 
difficulty of obtaining a pure specimen. 

Gunter (1953) has shown that extracts of Ps. 
fluorescens adapted to oxidize p-hydroxymandelic 
acid catalyse reaction 2 but she did not investigate 
cofactor requirements. After precipitation with 
ammonium sulphate our preparations converted 
p-hydroxybenzaldehyde into p-hydroxybenzoic 
acid only on addition of DPN. The system is similar 
to that involved in the conversion of benzaldehyde 
into benzoic acid studied by Gunsalus, Stanier & 
Gunsalus (1953), who found two dehydrogenases in 
their extracts, one requiring DPN and the other 
TPN. However, although our extracts converted 
three other aldehydes into their acids in the presence 
of DPN, TPN could not be substituted and benz- 
aldehyde was not oxidized. The preparations of 
either Gunsalus et al. (1953) or of Gunter (1953) did 
not oxidize the respective substrates (mandelic acid 
and p-hydroxymandelic acid) beyond benzoic or 
p-hydroxybenzoic acids; in each the next reaction 
involves hydroxylation, to give catechol or proto- 
catechuic acid respectively. Our crude extracts, 
which catalyse reaction 3, appear to be the first 
cell-free system from bacteria to effect such a 
hydroxylation (see Stanier, 1955). Activity was 
lost on precipitation with ammonium sulphate and 
was not recovered by the addition of various co- 
factors, including DPN and TPN, which have been 
implicated in hydroxylation systems of mammalian 


origin (Udenfriend & Cooper, 1952; Mitoma, 


Posner, Reitz & Udenfriend, 1956). It is possible 
that the enzyme for reaction 3 is labile and may 
not survive this treatment, for Mitoma (1956) has 
shown that phenylalanine hydroxylase from rat 


1957 
livers consists of two fractions, one of which is 
labile. 

The chemical structure of the compound arising 
from reaction 4 has not yet been elucidated. It is 
produced by union of 1 mole of protocatechuie acid 
with 1 mole of oxygen, without loss of carbon 
dioxide, in accordance with its empirical formula 
C,H,O,. From extracts of Ps. fluorescens that 
converted protocatechuic acid into 3-oxoadipic 
acid, MacDonald, Stanier & Ingraham (1954) pre- 
pared protocatechuic oxidase, which catalyses the 
conversion of protocatechuic acid, with the uptake 
of 1 mole of oxygen/mole of substrate, into cis-cis- 
B-carboxymuconic acid without loss of carbon 
dioxide. More recently Gross, Gafford & Tatum 
(1956) have prepared from Neurospora crassa two 
enzymes, the first converting protocatechuic acid 
into cis-cis-B-carboxymuconic acid and the second 
converting this acid into its lactone; a delactonizing 
enzyme, or enzymes, then converts f-carboxy- 
muconolactone into 3-oxoadipic acid with loss of 
carbon dioxide. By use of these enzymes, Gross et al. 
(1956) prepared f-carboxymuconolactone and 
showed that it was not attacked by extracts of Ps. 


fluorescens able to convert protocatechuic acid into 


3-oxoadipic acid. Experiments with “C-labelled 
protocatechuic acid confirmed that in Ps. fluorescens 
this conversion occurs by reactions different from 
those in Neurospora. Apart from cis-cis-B-carboxy- 
muconic acid, therefore, the compounds involved in 
the conversion of protocatechuic acid into 3-oxo- 
adipic acid by Ps. fluorescens are not yet known; 
one of them may be the compound isolated as the 
end product of the reactions which our cell-free 
extracts catalyse. Further, the enzyme responsible 
for cleavage of the aromatic nucleus may differ from 
the protocatechuic oxidase of Stanier & Ingraham 
(1954) since we had little difficulty in showing that 
preparations which oxidized protocatechuic acid 
required Fe*+ ions as cofactor. Two other enzymes 
that catalyse similar fissions of aromatic nuclei also 
have this requirement, namely pyrocatechase 
(Suda, Hashimoto, Matsuoka & Kamahora, 1951) 
and homogentisic acid oxidase (Ravdin & Crandall, 
1951); but no cofactor requirement could be found 
for the protocatechuic oxidase of Stanier & 
Ingraham (1954). 

From reactions in which derivatives of p-cresol 
participated, conclusions can be drawn about sub- 
strate specificities of the enzymes involved. When 
derivatives contained a second methyl group (IV, 
VII) cells grown at the expense of p-cresol oxidized 
only the methyl group in the position para to the 
hydroxyl group. Various aldehydes (II, V, VIII, XI) 
with hydroxyl groups in position 4 were oxidized by 
whole cells or cell-free extracts to the corresponding 
acids; but benzaldehyde was not attacked. Of the 
compounds tested, aromatic-ring fission resulted 








Vol. 


only 
as a 
acid 
extr 
grou 
befo 
acid 
phe! 
grou 
hyd 
of t 
app 
ally 


1. 
Pse 
p-hy 
and 
util 
whe 
reac 

2 
din 
Oxi 
cen 
chr 
p-) 

3 
p-h 

acic 
as 
hyc 
con 
4 
hy¢ 
tre: 
p-h 
anc 
cit 
pal 
xy! 
der 


fur 





id 
id 








Vol. 66 


only when 3:4-dihydroxybenzoic acid was produced 
as an intermediate (I, II); 2:4-dihydroxybenzoic 
acid (XII) was not oxidized; and although crude 
extracts catalysed the introduction of a hydroxyl 
group into position 3 in p-hydroxybenzoic acid 
before ring fission, substitution products of this 
acid (VI, IX, XIT) were not so attacked and nor was 
phenol. Evidently, attachment of an additional 
group to the aromatic nucleus of p-cresol or p- 
hydroxybenzaldehyde may not inhibit oxidation 
of the side chain; but the hydroxylation enzyme 
appears to act upon p-hydroxybenzoic acid specific- 
ally and not upon its derivatives. 


SUMMARY 


1. Cell-free extracts obtained from a species of 
Pseudomonas catalysed the oxidation of p-cresol, 
p-hydroxybenzaldehyde, p-hydroxybenzoic acid 
and protocatechuic acid. The amounts of oxygen 
utilized supported evidence from experiments with 
whole cells that the compounds participated in a 
reaction sequence in that order. 

2. p-Hydroxybenzaldehyde was isolated as 2:4- 
dinitrophenylhydrazone after freeze-dried cells had 
oxidized p-cresol. A pink insoluble fraction from 
centrifuging of disintegrated cells carried a cyto- 
chrome system and increased the rate of oxidation of 
p-cresol by cell-free extracts. 

3. Extracts that catalysed the conversion of 
p-hydroxybenzaldehyde into p-hydroxybenzoic 
acid required diphosphopyridine nucleotide (DPN) 
as cofactor. Other aromatic aldehydes with a 
hydroxyl group in position 4 also required DPN for 
conversion into the corresponding acids. 

4. The enzyme catalysing hydroxylation of p- 
hydroxybenzoic acid was relatively labile, and, after 
treatment of extracts with ammonium sulphate, 
p-hydroxybenzoic acid accumulated when p-cresol 
and p-hydroxybenzaldehyde were oxidized. Specifi- 
city requirements of this enzyme were also ap- 
parently more stringent, since 2:4-xylenol, 3:4- 
xylenol and 4-methylresorcinol were oxidized to 
derivatives of p-hydroxybenzoic acid, but no 


further. 
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5. Ferrous ions were required for the oxidation of 
protocatechuic acid by extracts with an uptake 
of 1 mole of oxygen/mole of substrate. The end 
product of the reaction has been isolated, but it 
does not appear to be identical with any compound 
hitherto implicated in the biological fission of 
aromatic nuclei. 


We wish to thank the Gas Council for the provision of a 
research assistantship (for M. D. P.). 


REFERENCES 


Bergey, D. H. (1950). Manual of Determinative Bacteriology, 
6th ed., p. 103. London: Bailliére, Tindall and Cox. 

Evans, W. C. & Happold, F. C. (1939). J. Soc. chem. Ind., 
Lond., 58, 55. 

Evans, W. C. & Smith, B. 8. W. (1951). Biochem. J. 49, x. 

Gross, 8. R., Gafford, R. D. & Tatum, E. L. (1956). J. biol. 
Chem. 219, 781. 

Gunsalus, C. F., Stanier, R. Y. & Gunsalus, I. C. (1953). 
J. Bact. 66, 548. 

Gunter, 8. E. (1953). J. Bact. 66, 341. 

Heilbron, I. M. & Bunbury, H. M. (1943). Dictionary of 
Organic Compounds. London: Eyre and Spottiswoode. 

Hughes, D. E. (1951). Brit. J. exp. Path. 32, 97. 

MacDonald, D. L., Stanier, R. Y. & Ingraham, J. L. (1954). 
J. biol. Chem. 210, 809. 

Mitoma, C. (1956). Arch. Biochem. Biophys. 60, 476. 

Mitoma, C., Posner, H. S., Reitz, H. C. & Udenfriend, S. 
(1956). Arch. Biochem. Biophys. 61, 431. 

Peppiatt, E. G. & Wicker, R. J. (1954). Chem. & Ind. 
p. 932. 

Ravdin, R. G. & Crandall, D. I. (1951). J. biol. Chem. 189, 
137. 

Smith, B. S. W., Jones, J. D. & Evans, W. C. 
Biochem. J. 50, xxviii. 

Stanier, R. Y. (1955). In A Symposium on Amino Acid 
Metabolism, p. 880. Ed. by McElroy, W. D. & Glass, H. B. 
Baltimore: The Johns Hopkins Press. 

Stanier, R. Y., Gunsalus, I. C. & Gunsalus, C. F. (1953). 
J. Bact. 66, 543. 

Stanier, R. Y. & Ingraham, J. L. (1954). J. biol. Chem. 210, 
799. 

Suda, M., Hashimoto, K., Matsuoka, H. & Kamahora, T. 
(1951). Med. J. Osaka Univ. 2, 389. 

Udenfriend, 8. & Cooper, J. R. (1952). J. biol. Chem. 194, 
503. 

Weibull, C. (1953). J. Bact. 66, 696. 


(1952). 


234 


1957 


Studies in the Biochemistry of Micro-organisms 


101. THE COLOURING MATTERS OF SPECIES IN THE ASPERGILLUS NIDULANS 


GROUP. PART 2. 


FURTHER OBSERVATIONS ON 


THE STRUCTURE OF ASPERTHECIN* 


By S. NEELAKANTAN, ANNA POCKER anp H. RAISTRICK 
Department of Biochemistry, London School of Hygiene and Tropical Medicine, University of London 
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Asperthecin, C,;H,,O,, is a chestnut-brown crystal- 
line colouring matter which was isolated by 
Howard & Raistrick (1955) from laboratory cultures 
of two strains of Aspergillus quadrilineatus Thom & 
Raper. It is of particular interest since it is charac- 
teristic of the purple—red perithecia and ascospores 
of a number of other species in the Aspergillus 
nidulans group in addition to A. quadrilineatus. 

Howard & Raistrick (1955) established the 
partial structure (I) for asperthecin, but were 
inable to determine with certainty the position of 
the two remaining hydroxyl groups. They tenta- 
tively advanced two possible structural formulae 
(II and III), structure (II) illustrating best the 
available chemical evidence, while structure (ITT) 
was more in accord with the ultraviolet and infrared 
absorption spectra of asperthecin. 

Attempts to degrade asperthecin by oxidation to 
smaller recognizable fragments were frustrated by 
the difficulty of obtaining satisfactory yields of its 
pentamethyl ether, in which the five nuclear 
hydroxy! groups, but not the side-chain -CH,*OH 
group, are methylated. Thus while methylation with 
dimethyl sulphate and potassium carbonate in 
acetone did indeed lead to the desired pentamethyl 
ether, the yields obtained were very small, probably 
because of the extreme instability of asperthecin 
towards alkali. Quick methylation of asperthecin 
with ethereal diazomethane in acetone solution gave 
only a dimethyl ether. It has been known for some 
time that certain o-hydroxy compounds, including 
hydroxylated anthraquinones, e.g. alizarin 2- 
methyl ether (Herzig & Klimosch, 1909), 1- 
hydroxy-, 1:5-dihydroxy- and _ 1:4-dihydroxy- 
anthraquinone (Schénberg & Mustafa, 1946), are not 
fully methylated by an ethereal solution of diazo 
methane, probably because of the formation 
of a chelated ring system in these compounds. 
Schénberg & Mustafa showed, however, that ali- 
zarin 2-methyl ether and _ 1:5-dihydroxyanthra- 
quinone are readily methylated by ethereal diazo- 
methane if methanol is added to the solution. In 
confirmation of their claims we have found that by 


* Part 100: Neill & Raistrick (1957). 


slow methylation under these conditions purpurin 
(1:2:4-trihydroxyanthraquinone) readily gives a 
trimethyl] ether, and asperthecin gives a mixture of 
about 50 % each of a tetramethyl! and a pentamethyl 
ether. 

Oxidation of either the tetra- or penta-methyl 
ether of asperthecin with potassium permanganate 
leads to the formation of a substance existing as 
colourless needles, m.p. 157—158°, having the 
molecular formula C,,H,O;, and containing two 
methoxyl groups. Examination of the substance 
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indicated that it was probably a carboxydimethoxy- 
phthalic anhydride. 

Assuming that the carboxyl group arises by 
oxidation of the -CH,*OH group in asperthecin and 
that the anhydride group arises from the quinone 
grouping, it follows that, if asperthecin has structure 
(III), oxidation of its pentamethy]l ether would lead 
to (IV), i.e. 4-carboxy-3:6-dimethoxyphthalic an- 
hydride. This substance, previously undescribed, 
was synthesized by oxidation of 3:6-dimethoxy-4- 
methylphthalic anhydride (Anslow & Raistrick, 
1940). It was obtained as bright-yellow crystals, 
m.p. 220—-221°, which are obviously not identical 
with the oxidation product of asperthecin penta- 
methyl ether. Hence (III) must be abandoned as 
a possible structure for asperthecin. 

If the same assumptions as have just been made 
in considering structure (III) for asperthecin are 
now applied to structure (IT), it follows that the 
corresponding oxidation product would have 
structure (V), i.e. 5-carboxy-3:4-dimethoxyphtha- 
lic anhydride. This substance, also previously 
undescribed, was synthesized by oxidation with 
hot potassium permanganate of 5-methylmeconin 
(VI), which was prepared substantially as described 
by Blair & Newbold (1954). The resulting anhydride 
(V) formed colourless needles, m.p. 157—158°, not 
depressed on admixture with the oxidation product 
of asperthecin pentamethyl] ether of the same melt- 
ing point. 

It follows from this evidence, coupled with the 
fact that Howard & Raistrick (1955) obtained 
emodin (4:5:7-trihydroxy-2-methylanthraquinone) 
by the degradation of asperthecin, that the partial 
structure (I) for asperthecin may be expanded to 
structure (VII), so that asperthecin must then be 
either 3:4:5:6:7-pentahydroxy-2-hydroxymethylan- 
thraquinone of structure (II) or 3:4:5:7:8-penta- 
hydroxy-2-hydroxymethylanthraquinone of struc- 
ture (VITT). 

In the synthesis of 5-carboxy-3:4-dimethoxy- 
phthalic anhydride (V) just described, 5-methy]l- 
meconin (VI) was oxidized with hot potassium 
permanganate. We found that when the oxidation 
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was carried out at room temperature a very good 
yield was obtained of 3:4-dimethoxy-5-methyl- 
phthalic acid, from which 3:4-dimethoxy-5-methy]- 
phthalic anhydride was readily prepared. It is 
suggested that this substance might well prove a 
useful starting point for syntheses of structures 
(II) and (VIIT), and so determine with certainty the 
structure of asperthecin. 


EXPERIMENTAL 
Methylations with diazomethane in methanol 

Purpurin trimethyl ether. An ethereal solution (400 ml.) of 
diazomethane (=20 g. of nitrosomethylurea) was added to 
a suspension of purpurin (3 g.) in methanol (150 ml.). The 
mixture was kept at room temp. for 5 days and was then 
filtered from a dark-purple precipitate (0-51 g.). The filtrate 
was evaporated to 50 ml., diluted with ether (200 ml.) and 
extracted with aqueous n-NaOH (2 x 50 ml.). The ethereal 
solution was concentrated, giving almost pure purpurin 
trimethyl ether (1-2 g.) which, after crystallization from 
ethanol, gave yellow needles, m.p. 165-166°. [Briggs & 
Nicholls (1951) give m.p. 169-171°; Wiles (1952) gives m.p. 
168°] (Found: C, 68-45; H, 4-60; OMe, 30-9. Calc. for 
C,,H,,0; : C, 68-4; H, 4-73; 30Me, 31-2%). The ether is not 
soluble in aqueous NaOH. Its solution in cold cone. H,SO, 
is deep cherry-red in colour with a bluish shade. 

Asperthecin tetramethyl ether. An ethereal solution 
(300 ml.) of diazomethane (=15 g. of nitrosomethylurea) 
was added to a suspension of asperthecin (1 g.) in methanol 
(50 ml.). The mixture was held at room temp. for 1 day when 
a small amount of dark-red amorphous material was 
separated by filtration. The reddish-orange filtrate was 
evaporated to 15 ml. and the rosettes of orange needles 
which separated on cooling were collected by filtration 
(0-5 g.) (for treatment of the filtrate see next paragraph) and 
recrystallized from methanol, giving asperthecin tetramethyl 
ether as orange needles, m.p. 179-180° (Found: C, 60-9, 
60-95; H, 4-76, 4-88; OMe, 33-4, 33-2. C,,H,,0, requires C, 
60-95; H, 4:85; 40Me, 33-2%). The tetramethyl ether is 
insoluble in aqueous Na,CO,, but dissolves in aqueous NaOH 
to a strong pinkish-red solution. Its purple solution in cold 
cone. H,SO, is not fluorescent. It gives a ruby-red ferric 
colour in ethanol solution. 

Asperthecin pentamethyl ether. The methanolic filtrate 
from the tetramethyl ether was diluted with ether (100 ml.) 
and shaken with aqueous 2N-NaOH (20 ml.) to remove in- 
completely methylated asperthecin, and then with water. 
The washed ether solution, on standing, deposited yellow 
needles (0-45 g.), m.p. 145°, which were purified by crystal- 
lization from ethanol-light petroleum, b.p. 40—60°, giving 
asperthecin pentamethyl ether as yellow needles, m.p. 
149-150° [Howard & Raistrick (1955) give m.p. 134—135°], 
which are insoluble in aqueous NaOH, do not give a ferric 
colour in ethanol and give a strong violet solution in cold 
cone. H,SO, (Found: C, 62-0, 61-95; H, 5-35, 5-34; OMe, 
40-0, 39-8. Cale. for Cy>H.,0,: C, 61-85; H, 5-19; 50Me, 
40-0 %). 


Oxidation experiments on asperthecin methyl ethers 


Asperthecin tetramethyl ether. A solution of this methyl 
ether (0-15 g.) and KMnQ, (1 g.) in acetone (50 ml.) was 
refluxed for 4 hr., when all the KMnO, had been used. The 
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mixture was then cooled and filtered, and the acetone filtrate 
was discarded since it contained only traces of an amorphous 
product. The MnO, precipitate was suspended in 2N-H,SO, 
(20 ml.) and SO, was passed until the MnO, dissolved. There 
remained in suspension an orange substance (m.p. 240-260° ; 
soluble in NaHCO, ; strong purple colour in conc. H,SO,) 
which was oxidized further by boiling its suspension in 
2Nn-H,SO, with excess of KMnO, for 10 min. KMnO, and 
MnQ, were destroyed with SO, and the clear colourless 
solution was extracted with ether. The ether extract was 
evaporated to dryness and the residue was heated a little 
above its m.p. and then sublimed in high vacuum at 130- 
140°, giving a colourless crystalline sublimate (A) (30 mg.). 
The small unsublimed residue, which has not been identified, 
gave a slightly pink sublimate in high vacuum at 180—190°. 
This sublimate melts at 190-200° and gives a purple ferric 
colour in ethanol, resembling that given by salicylic acid. 
The crystalline sublimate A formed colourless prismatic 
needles, m.p. 145-155° without obvious decomposition. It 
was purified for analysis as follows. Its solution in ether was 
shaken with aqueous NaHCO,. The bicarbonate extract was 
acidified with cold 2N-HCl and extracted with ether. The 
extract was evaporated to dryness and the residue, con- 
tained in a sublimation tube, was heated above its m.p. for 
10 min. It was then cooled and sublimed in high vacuum at 
120°. The sublimate was crystallized from dry isopropyl 
ther, giving the oxidation product as colourless needles 
which dissolve in NaHCO, with evolution of gas and give no 
colour with FeCl,. The product melts at 157-158°, not 
depressed on admixture with an authentic synthetic 
specimen of 5-carboxy-3:4-dimethoxyphthalic anhydride 
(structure V) of the same m.p. (see below) (Found: C, 52-6; 
H, 3-29; OMe, 245%; titration equiv., 85-5. C,,H,O, 
requires C, 52-4; H, 3-20; 2 OMe, 24-6%; equiv. titrating as 
a tribasic acid, 84). 
Asperthecin pentamethyl ether. KMnO, (about 3 g.) was 


added in portions over a period of 4 hr. to a suspension of 


asperthecin pentamethyl ether (0-4 g.; m.p. 148-150°) in 
aqueous 0-5Nn-NaOH (100 ml.) heated at 100°. The mixture 
was acidified with 2N-H,SO, and SO, was passed until clear 
and colourless. The solution was extracted with ether and, 
on removal of the solvent from the extract, the residue was 
sublimed in high vacuum at 120-140°, giving a slightly 
yellow sublimate, wt. 75 mg., m.p. 135-165°. This was 
purified as described for sublimate A above. After final 
crystallization from dry isopropyl ether the oxidation 
preduct was obtained as colourless needles, m.p. 157—158° 
alone or in admixture with synthetic 5-carboxy-3:4- 
dimethoxyphthalic anhydride (V). 


Syntheses 


4-Carboxy-3:6-dimethoxyphthalic anhydride (ITV). A solu- 
tion of 3:6-dimethoxy-4-methylphthalic anhydride (0-3 g.; 
Anslow & Raistrick, 1940) in aqueous 0-5N-NaOH (100 ml.) 
and KMn0O, (1 g.) was refluxed for 1 hr. The mixture was 
filtered while still hot and the precipitate was well washed 
with hot water. The clear alkaline filtrate and washings 
were acidified with cone. HCl, giving a yellowish precipitate 
which was extracted with ether. The dried (Na,SO,) ether 
extract was evaporated to dryness and the residue was 
purified by repeated sublimation in high vacuum. 4- 
Carboxy-3:6-dimethoxyphthalic anhydride (0-25 g.) was thus 
obtained as a bright-yellow crystalline sublimate, m.p. 
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220-221°, which is obviously not identical with the colour- 
less KMnO, oxidation product (m.p. 157—158°) of asper- 
thecin tetra- and penta-methyl ethers (Found: C, 52-2; 
H, 3-20. C,,H,O, requires C, 52-4; H, 3-20%). 

5-Methylmeconin. The starting point of this synthesis was 
p-toluic acid. This was sulphonated to give 1-carboxy-4- 
methyl benzene-3-sulphonic acid (Meldrum & Perkin, 1908), 
which on fusion with KOH gave 3-hydroxy-4-methyl- 
benzoic acid (Meldrum & Perkin, 1908). The latter was 
methylated to give 3-methoxy-4-methylbenzoic acid, which 
was converted into 6-methoxy-5-methylphthalide, m.p. 
143-144°, by treatment with aqueous formaldehyde and 
conc. HCl [Charlesworth, Rennie, Sinder & Yan (1945) who 
give m.p. 144°]. The remaining steps in the synthesis, (a) 6- 
methoxy-5-methylphthalide—(b) 6-methoxy-5-methyl-7- 
nitrophthalide—(c) 7-amino-6-methoxy-5-methylphthalide 
—(d) 7-iodo-6-methoxy-5-methylphthalide—(e) 5-methyl- 
meconin, were those described by Blair & Newbold (1954), 
with the exception of step (b)—>(c), which they carried out by 
catalytic hydrogenation with Raney nickel in ethyl acetate 
solution. Our method was as follows: 6-Methoxy-5-methyl- 
7-nitrophthalide (5 g.) was dissolved in hot aqueous KOH 
(5 g. in 50 ml. of H,O). Sodium dithionite (Na 8,0, ; 20 g.) 
was added to the cooled, stirred solution in the course of 
20 min., the temperature being kept below 40°. The solution 
was acidified to Congo red with HCl and kept at 0°. The 
reduction product, which separated as needles, was collected 
and crystallized from ethanol as colourless needles (3-2 g.), 
m.p. 106-107°. Blair & Newbold (1954) give m.p. 109—110°. 

Our preparation of 5-methylmeconin crystallized from 
light petroleum, b.p. 40-60°, or aqueous methanol in 
colourless needles, m.p. 81-81-5°. Blair & Newbold (1954) 
give m.p. 82-5°. 

5-Carboxy-3:4-dimethoxyphthalic acid and its anhydride 
(V). A solution of KMnO, (2-53 g.=5 atoms of O) in water 
(100 ml.) was added in portions over a period of 3 hr. toa 
continuously refluxed solution of 5-methylmeconin (V1; 
1 g.) in aqueous N-NaOH (5 ml.) and water (45 ml.). The 
mixture was cooled and acidified to Congo red with 2N- 
H,SO,, and SO, was bubbled through to dissolve MnO,. The 
resulting colourless solution was evaporated in vacuo to 
50 ml. and extracted with ether. The dried (Na,SO,) ether 
extract was evaporated to dryness, giving a colourless solid 
(1-1 g.; m.p. 198-200°, with effervescence) ; this was erystal- 
lized from ethyl acetate-light petroleum, b.p. 60—80°, giving 
5-carboxy-3:4-dimethoxyphthalic acid as small colourless 
prisms, m.p. 204-206° (with effervescence) (Found: C, 49-2; 
H, 3-81; OMe, 23-1%; equiv. 90-7. C,,H,)0, requires C, 
48-9; H, 3-73; 2 OMe, 23-0 % ; equiv. as a tribasic acid, 90-1). 

The above acid (0-3627 g.) was converted into its an- 
hydride by heating above its m.p. for 15 min. Water 
(0-0255 g.; calc. 0-0242 g.) was evolved. The crude anhydride 
was purified by partition between ether and aqueous 
NaHCoO,, followed by heating above its m.p. and sublima- 
tion in high vacuum at 120° and crystallization from dry 
isopropyl ether substantially as described for sublimate A 
(see above). 5-Carbory-3:4-dimethoxy phthalic anhydride was 
thus obtained as colourless needles, m.p. 157—158°, not 
depressed on admixture with the KMnO, oxidation pro- 
ducts of asperthecin tetra- and penta-methyl ethers (Found: 
C, 52-4; H, 3-22; OMe, 24-7. C,,H,O, requires C, 52-4; H, 
3-20; 2 OMe, 24-6%). 

3:4-Dimethoxy-5-methylphthalic acid and its anhydride. 
5-Methylmeconin (2-08 g.; 10 m-moles) was dissolved by 





— 


No 





Vol 


heat 
cool 
KM 
mixt 
with 
less 
resu 
with 
the 
150° 
wate 
colo 
(Fou 
123- 
equi 
TT 
10 n 
The 
isop 
anh 
C, 5 


H, 4 


] 
3:4 
quil 
met 

9 


pol: 


The 
out 


195 
che 
tox 
phe 
ana 
as j 
inh 
este 
isn 
inh 
bio 
stri 


Tec! 





57 
ur- 


er- 
De 


5 


dle 
us 


ry 


as 


ot 


d: 
a 


le. 





Vol. 66 STRUCTURE OF 


heating in aqueous N-NaOH (12-0 ml.). The solution, 
cooled to room temp., was mixed with a cold solution of 
KMnO, (2-107 g.=3 atoms of O) in water (100 ml.). The 
mixture was kept at room temp. overnight and acidified 
with 2N-H,SO,, and SO, was passed to give a clear colour- 
less solution, which was evaporated to about 50 ml. The 
resulting colourless crystalline solid (1-38 g.; m.p. 180-181 

with effervescence) was collected, and ether extraction of 
the filtrate gave 0-94 g. of less pure material, m.p. 140- 
150°. The first crop was purified by crystallization from 
water, giving 3:4-dimethoxy-5-methylphthalic acid as 
colourless prisms, m.p. 184-185° (with effervescence) 
(Found: C, 54-6; H, 4:99; OMe, 26-2%; titration equiv., 
123-6. C,,H,.0, requires C, 55-0; H, 5-03; 2 OMe, 25-8%; 
equiv. titrating as a dibasic acid, 120-1). 

The above acid (114 mg.) was heated at 185-190 
10 min., cooled and sublimed in high vacuum at 85-90°. 
The sublimate (96 mg., m.p. 114°) was crystallized from dry 
isopropyl ether, giving 3:4-dimethoxy-5-methylphthalic 
anhydride (61 mg.) as colourless needles, m.p. 118° (Found: 
C, 59:5; H, 4:49; OMe, 27-6. C,,H,,O; requires C, 59-4; 
H, 4:53; 2 OMe, 27-9%). 


for 


SUMMARY 


1. Asperthecin has been shown to be either 
3:4:5:6:7-pentahydroxy-2-hydroxymethylanthra- 
quinone or 3:4:5:7:8-pentahydroxy-2-hydroxy- 
methylanthraquinone. 

2. It has been confirmed that full methylation of 
polyhydroxyanthraquinones with ethereal diazo- 


The Action of Diisopropyl 


ASPERTHECIN 


methane is greatly facilitated by the addition of 
methanol to the methylation mixture. 

3. The syntheses of 4-carboxy-3:6-dimethoxy- 
phthalic anhydride, 5-carboxy-3:4-dimethoxy- 
phthalic acid and its anhydride and 3:4-dimeth- 
oxy-5-methylphthalic acid and its anhydride are 
described. 

4. 5-Carboxy-3:4-dimethoxyphthalic anhydride 
has been identified as an oxidation product of 
asperthecin tetra- and penta-methy] ethers. 
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Phosphorofluoridate and 


Other Anticholinesterases on Amino Acids 
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(Received 19 October 1956) 


The work described in this paper, which was carried 
out in 1950-52 and which has been the subject of 
a preliminary communication (Ashbolt & Rydon, 
1952), was undertaken in an attempt to find some 
chemical parallel for the marked biochemical and 
toxicological difference between diisopropyl phos- 
phorofluoridate (DFP) and its chlorine-containing 
analogue diisopropyl phosphorochloridate (DCIP); 
as is well known, DFP is very toxic and a potent 
inhibitor of several esterases (notably cholin- 
esterase, chymotrypsin and trypsin), whereas DCIP 
is not markedly toxic and is not a powerful enzyme 
inhibitor. The discrepancy between the chemical and 
biochemical activities of the two compounds is very 
striking, since in general DCIP is chemically the 

* Present address: Manchester College of Science and 
Technology, Manchester 1. 


more reactive of the two (cf. Saunders & Stacey, 
1948; Wagner-Jauregg, O’ Neill & Summerson, 1951). 

It is well established that the inhibition of chymo- 
trypsin by DFP involves the diisopropylphosphory1- 
ation of a single amino acid side chain (Jansen, 
Nutting, Jang & Balls, 1949, 1950; Jansen, Nutting 
& Balls, 1949) and the same mechanism is highly 
probable for the inhibition of other enzymes by 
DFP. We decided accordingly to study the action of 
DFP and DCIP on a number of amino acids under 
‘physiological’ conditions (aqueous solution, pH 
about 7, 37°) in the hope of finding some difference 
between the two phosphorus compounds in this 
respect ; a number of other anticholinesterases were 
included for the sake of completeness. 

Mazur (1946) found that the rate of liberation of 
acid, as measured by carbon dioxide evolution, from 
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aqueous sodium bicarbonate by DFP was un- 
affected by the presence of glycine, serine, arginine, 
glutamic acid, cysteine and tyrosine, and concluded 
that there was no reaction between DFP and any 
of these amino acids under the conditions of his 
experiments. This argument is, however, not sound, 
since acid may be liberated at the same rate by 
reaction with water and with amino acids. The 
presence or absence of reaction can be established 
only by direct estimation of the reactive grouping 
in the amino acid concerned, and this procedure has 
been used in the present work. 


EXPERIMENTAL 
Quantitative experiments 


Analytical methods. A Hilger Spekker photoelectric 
absorptiometer, with Ilford Spectrum Filters, was used for 
all the colorimetric estimations. Fluoride ion was estimated 
by the thorium nitrate titration method of Milton, Liddell & 
Chivers (1947, 1949), with Chrome Azurol § as indicator. 
a«-Amino groups were estimated colorimetrically (Yellow 
Filter no. 606) by the method of Moore & Stein (1948), with 


the modified ninhydrin reagent of Rydon & Smith (1955), 
Phenolic hydroxyl (tyrosine side chain) groups were 
estimated colorimetrically, either (Expts. 1 and 2 of Table 2) 
by the method of Thomas (1944) (Green Filter no. 604) or by 
the method of Folin & Ciocalteu (1927) (Red Filter no. 608), 
Alcoholic hydroxyl (serine side chain) groups were esti- 
mated volumetrically (Van Slyke, Hiller & MacFadyen, 
1941). 

Procedure. The requisite amount of the anticholinesterase 
was weighed into a 50 ml. calibrated flask. Water (about 
40 ml.), at 40°, was added, followed at once by a solution of 
the requisite amounts of NaHCO, and the amino acid in a 
little water. The volume was then made up to 50 ml. with 
water and the flask placed in a thermostat, samples being 
withdrawn from time to time for analysis. 

Table 1. Liberation of fluoride ion from DFP in 

the presence of sodium bicarbonate at 38-2 + 0-2 


Initial concentrations (moles/I.) 





Pheny!l- 10*k, 
DFP NaHCO, ‘Tyrosine alanine (min.~?) 
0-0235 0-0856 0 0 6-0 
0-0235 0-0856 0 0-0053 6-1 
0-022 0-0856 0-0055 0 6-2 


Table 2. Reaction of anticholinesterases with amino acids 


Temperature: 37-0° (38-2° in Expts. 1 and 2). Abbreviations: t, reaction time (hr.); A, % «-NH, not reacting; B, % 
side-chain functional group not reacting; DFP, diisopropyl phosphorofluoridate; DCIP, diisopropyl phosphorochloridate; 
TEPP, tetraethyl pyrophosphate; E 600, diethyl p-nitrophenyl phosphate; TFPA, N.N’-tetramethylphosphorodiamidic 
fluoride, (Me,N),PO-F. All the recorded experiments were continued for at least 20 hr., but there was no significant 
further reaction after the times given below. No significant reaction was observed, under similar conditions, of DFP with 
phenylalanine, of DCIP with serine and phenylalanine, of E 600 (concentrations about one-quarter of those used in the 
other experiments) with tyrosine, serine and phenylalanine, or of TFPA with tyrosine, serine and phenylalanine. 


Expt. no. Reactants 


1 Tyrosine, 0-0033 mM t 3 4 6 9 
DFP, 0-013M A 100 93 —_ 
NaHCO,, 0-085 B 57 0 48 
2 Tyrosine, 0-0028M t 0-5 1 4 9 
DCIP, 0-0092M A - 93 94 95 
NaHCoO,, 0-085 B 100 99 95 
3 Tyrosine, 0-0032M t 0-5 i 1-5 3 4 5 6 
DFP, 0-013m A 95 94 ai 95 
NaHCO,, 0-053 B 85 75 71 ~ 58 a 57 
4 Tyrosine, 0-0032M 
DCIP, 0-013 Mm t 0-5 1 1-5 4 6 
NaHC0,, 0-053 B 100 98 98 95 97 
5 Tyrosine, 0-0032M t 0-5 ] 5 3 4 5 
TEPP, 0-013M A 82 81 - 82 
NaHCoO,, 0-052 B 77 717 74 a 74 Baa 
6 Serine, 0-003 mM 
DFP, 0-012m t 0-5 1-5 3-5 55 
NaHCO,, 0-048M A 98 99 97 98 
7 Serine, 0-0048 mM 
DFP, 0-021™m t 0-5 1 2-5 7-5 
NaHCO,, 0-081 M B 100 100 100 99 100 
8 Serine, 0-002M t 1 1-5 2 3 4 5 
TEPP, 0-0078M A 98 93 ao 92 —_— 94 
NaHC0O,, 0-032 B 95 — 97 — 95 94 
9 Phenylalanine, 0-0035 m 
TEPP, 0-013 M t 2 4 6 9 
NaHCO,, 0-051M A 83 72 74 72 
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ne Table 3. R, values of spots appearing on chromatograms of reaction products 

al of amino acids and anticholinesterases 

by Abbreviations are as for Table 2. Solvents: A, n-Butanol-acetic acid—water (4:1:5); B, n-butanol—pyridine—water 
8). 65:35:65); C, phenol saturated with water. 

sti- en : Anti-cholinesterase 

on Developing — —-- - A_—_—__— — 

‘ Amino acid solvent None DFP DCIP TEPP E600 TFPA 
a Tyrosine (3 mM A 0-21 {oe om {ot 0-21 0-21 
ase yrosine (3 mM) d 2 10-61 2 \0-51 | Z 4 
mut (5 mm) B 0-15 O-15 0-15 — i . 
of } Serine 4. : { 0-02 (trace) } or ie 
ae { (2 mM) A 0-04 —- — 1 0-05 j 0-05 0-05 
i )-D5* 
ith Lysine (2 mM) C 0-25 0-23 0-24 \o71* 0-22 0-25 
ing 

Cysteine (5 mm) C 0-11 0-12 0-10 0-12 0-11 0-10 
Hydroxyproline (5 mm) C 0-55 0-56 0-55 0-55 0-55 0-54 
Arginine (5 mm) C 0-69 0-65 0-62 0-65 0-69 0-65 
' Tryptophan (5 mm) C 0-71 0-69 0-70 0-70 0-70 0-71 
Asparagine (5 mm) C 0-32 0:32 0-33 0-32 0-30 0-32 

) 


* Neither spot was visible when the paper was dusted with copper carbonate before being sprayed with ninhydrin 





(Crumpler & Dent, 1949); this shows that both contain free «-amino groups. 


Liberation of fluoride ion. The rate of liberation of fluoride 
ion satisfactorily obeys first-order kinetics, and the results 
are accordingly expressed, in Table 1, in terms of the first- 
order velocity constant, k,. 

Disappearance of amino acid functional groups. Owing to 
the considerable hydrolysis which accompanies reaction 
with the amino acids, the results cannot be expressed in 


(b) u-Tyrosine (1 g.) was stirred with DFP (4 ml.) in 8% 
(w/v) aqueous NaHCO, (150 ml.) at 40° for 3 days; more 
DFP (4 ml.) was then added and the mixture again stirred 
overnight. The product was filtered and the filtrate treated 
with NaHCO, (2-5g.) and _ 1-fluoro-2:4-dinitrobenzene 
(2-5 g.) in ethanol (7 ml.). After being shaken for 3 hr. at 
room temp., the mixture was concentrated to 70 ml. and 


% simple kinetic terms; they are collected in Table 2. then diluted to 250 ml. with water and extracted thoroughly 
e: with ether. The residual solution was acidified and ether 
lic Qualitative experiments was added. The crystalline precipitate (1-5 g.; 53%) was 
nt x F : : : hi ‘ collected by filtration and recrystallized, thrice from aqueous 
The amino acids, in the concentrations indicated in ? ‘ : * 
th Table 3 ry luti t 37° for 24 hr. with methanol and twice from anhydrous methanol. Diiso- 
able 3, were kept in aqueous solution at 37° for 24 hr. w is “ay ae ? 
he wish pO hae! oo ade : propyl N-2:4-dinitrophenyl-t-tyrosine O-phosphate forms 


the inhibitor (4 mol.) and NaHCO, (16 mol.). The resulting 
solutions were spotted on Whatman no. | filter paper and the 
chromatograms developed with the solvent mixtures shown 
in the table; after drying, the spots were revealed by 
spraying with ninhydrin followed by heating at 100°. The 
results are summarized in Table 3. 


Isolation and synthesis of reaction products 


Isolation. (a) u-Tyrosine (3g.), DFP (25 ml.) and 
NaHCO, (25 g.) were stirred in water (100 ml.) at 45° for 
11 days. The mixture was then filtered and the solid washed 
with water until paper chromatography showed the 
washings to be free of the required product. The filtrate and 
washings were then evaporated to dryness under reduced 
pressure and the residue was extracted thoroughly with 
absolute ethanol. The extract was evaporated to dryness 
under reduced pressure and the residue dissolved in water 
(55 ml.); this solution was run through a column (14 cm. x 
2-3 cm.) of charcoal (‘decolorizing charcoal’, British Drug 
Houses Ltd.) (28 g.), deactivated with KCN (Schramm & 
Primosigh, 1943). Elution was carried out with 5% (w/v) 
phenol in 20% (v/v) acetic acid, and those fractions found 
by paper chromatography to contain the required product 
were evaporated and freed from phenol by steam-distillation 
under reduced pressure. Two precipitations from ethanol 
with ether, followed by two recrystallizations from water, 
afforded diisopropyl L-tyrosine O-phosphate (350 mg.; 61%) 
as stout needles, m.p. 167-168°, [«]}} — 3-0° in water (c, 0-8) 
(Found: C, 51-8; H, 6-9; N, 4:0. C,,;H,,O,NP requires 
’, 52-2; H, 7-0; N, 4:1%). 


needles, m.p. 159-160° (Found: C, 49-4; H, 5-1; N, 7-9. 
C.,H,,0,9N,P requires C, 49-3; H, 5-1; N, 8-2%). The same 
compound, m.p. and mixed m.p. 157—160°, was obtained 
by treatment of diisopropyl L-tyrosine O-phosphate with 
1-fluoro-2:4-dinitrobenzene under similar conditions. 

Synthesis. u-Tyrosine ethyl ester hydrochloride (6-8 g.) 
was shaken at 0° with CHCI, (100 ml.) and n-NaOH (34 ml.) 
until solution was complete. p-Bromobenzy] chloroformate 
(6-8 g.) and a solution of Na,CO, (4-1 g.) in water (30 ml.) 
were then added, in alternate small portions, with vigorous 
shaking, during 20 min. More CHCl, (200 ml.) was added 
and the organic layer separated, washed with 2N-HCl, dried 
and evaporated. Recrystallization of the residue from 
CHCI,—light petroleum (b.p. 60-80°) gave N-p-bromobenzyl- 
oxycarbonyl-L-tyrosine ethyl ester (9-4 g.; 82%) as needles, 
m.p. 117—119°; an analytical specimen, thrice recrystallized 
from CHCl,-CCl, and once from light petroleum (b.p. 60 
80°), had m.p. 120-121° (Found: C, 54-1; H, 4-9; N, 3-5. 
Cy9H50;N Br requires C, 54-0; H, 4-7; N, 33%). 

This ester (2 g.) was shaken at room temp. with n-NaOH 
(10 ml.). Solution was complete in 10 min. and 0-5N-HCl 
(40 ml.) was added after 15 min. The crystalline precipitate 
was dissolved in 3% sodium acetate (50 ml.) and reprecipi- 
tated by acidification. Three crystallizations from 30% (v/v) 
ethanol and one from ethyl acetate—light petroleum (b.p. 
60-80°) gave N-p-bromobenzyloxycarbonyl-L-tyrosine (1-6 g.; 
85%) as needles, m.p. 156-157° (Found: C, 51-7; H, 4-1; 
N, 3-4. C,,H,,O0;BNr requires C, 51-8; H, 4-1; N, 3-6%). 

This compound (2-3 g.), in water (70 ml.) containing 
Na,CO, (15 g.), was stirred for 40 hr. at 40° with DFP 
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(20 ml.). The mixture was extracted with ether and the 
residual aqueous solution acidified. The precipitated oil 
was extracted with ether and the dried extract evaporated 
to dryness, yielding a gum (2-3 g.). A portion (1 g.) of this 
was dissolved in CHCl,—light petroleum (b.p. 60-80°); on 
cooling the solution deposited diisopropyl N-p-bromobenzyl- 
oxycarbonyl-L-tyrosine O-phosphate (390 mg.; 29%), m.p. 
85-95° [Found: C, 49-7; H, 5-0; N, 2-8%; equiv. (by titra- 
tion), 550. C,H 2g0,NBrP requires C, 49-5; H,5-2;N,2-5%; 
equiv. 558]. The remaining gum (1-3 g.) was dissolved in 
methanol (10 ml.) and shaken in hydrogen in the presence of 
Adams’s catalyst (100 mg.). Evolution of CO, became very 
slow after 4-5 hr. and the filtered solution was then evapor- 
ated to dryness. The residue failed to crystallize, but on 
paper chromatography with butanol-acetic acid—water 
(4:1:5) gave only one spot, Ry 0-63, inseparable from diiso- 
propyl! L-tyrosine O-phosphate. Treatment with fluoro-2:4- 
dinitrobenzene in aqueous ethanolic Na,CO, as usual gave 
diisopropyl N-2:4-dinitrophenyl-L-tyrosine O-phosphate, 
m.p. 157-159 , not depressed on admixture with material 
prepared from DFP and L-tyrosine directly. 

Hydrolysis. The rates of hydrolysis of diisopropyl L- 
tyrosine-O-phosphate in 0-012 solution in N-NaOH at 37 
and in 0-011 m-solution in N-H,SO, at 100° were determined, 
the liberation of phenolic hydroxyl groups being followed 
colorimetrically by the method of Folin & Ciocalteu 

1927). The reactions satisfactorily obeyed first-order 
kinetics, with the following constants: alkaline hydrolysis, 
k, =0-0046 min.—; acid hydrolysis, k, =0-0016 min.—. 

N-(Diisopropylphosphoro)-pL-phenylalanine. DCIP (2-9 g.) 
was added at 0° to pt-phenylalanine (2-0 g.) in ethanolic 
sodium ethoxide (from sodium, 0-6 g., and ethanol, 100 ml.). 
After 5 hr. at 0°, the solution was filtered and the filtrate 
evaporated to dryness under reduced pressure. The residue 
was dissolved in ice—water and extracted with ether; acidi- 
fication of the aqueous residue, followed by extraction with 
ether, afforded N-(diisopropylphosphoro)-DL-phenylalanine 
(2-1 g.; 53%) as needles, m.p. 126—130°, raised to 133-134 
by recrystallization from CCl,—benzene and CHCl,—hexane 
[Found: C, 55-0; H, 7-3; N, 43%; equiv. (by titration), 
321. C,;H,,O;NP requires C, 54-7; H, 7-3; N, 43%; equiv., 
329]. 
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RESULTS 


Our findings concerning the action of DFP and 
DCIP, and three other anticholinesterases, on nine 
amino acids are summarized in Table 4. 

It is clear that DFP differs markedly from DCIP 
in that it alone reacts appreciably with the phenolic 
hydroxyl group of tyrosine under ‘physiological’ 
conditions; the nature of the reaction as a diiso- 
propylphosphorylation of the phenolic hydroxy] 
group has been completely established by isolation 
of the product (I) and its identification by direct 
comparison with a synthetic specimen. [Jandorf, 
Michel, Schaffer, Egan & Summerson (1955) claim 
that Jandorf, Wagner-Jauregg, O’Neill & Stolberg 
(1952) have also obtained ‘evidence for a phos- 
phorylation of tyrosine by alkylphosphorohalidates 
in model systems’, but reference to the latter paper 
reveals no direct evidence to support this claim.] 


(Pr'O), PO-F + HO CH,-CH(NH,)-CO,H 
> HF +(Pr0),PO-0 ( —_) CH,-CH(NH,)-CO,H 


(I) 


Tyrosine, alone of the nine amino acids studied, 
competes successfully with water for DFP at 
pH 7-8. The rate of liberation of fluoride ion is not 
noticeably affected by the presence of tyrosine 
(Table 1), a circumstance which explains the failure 
of Mazur (1946) to observe the reaction. A minor 
reaction with DFP is the diisopropylphosphoryla- 
tion of the «-amino group which occurs, to a small 
extent, with both tyrosine and phenylalanine; this 
property is also possessed, but to a lesser degree, by 
DCIP. 


Table 4. Action of some anticholinesterases on amino acids 


Abbreviations are as for Table 2. 


+indicates reaction product detected and — not detected on chromatogram. Figures 


in parentheses are approximate percentage reaction at 37-38°, pH 7-8 after 24 hr. 


Amino acid DFP 
Tyrosine («-amino) (5) 

(hydroxyl) + (50) 
Phenylalanine («-amino) (5) 
Serine («-amino) (0) 
(hydroxyi) — (0) 


Lysine (e-amino) = 
Cysteine = 
Hydroxyproline _ 
Arginine a 
Tryptophan 


Asparagine 


Anticholinesterase 


DCIP TEPP E600 TEPA 


(5-10) (20) 
~(0) (20) —(0) ~(0) 
(0) (30) (0) (0) 
(10) 
~(0) tr. (5) —(0) - (0) 
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Of the other anticholinesterases we have studied 
only TEPP has been found to react with amino acids 
under the conditions of our experiments. Tetraethy] 
pyrophosphate (TEPP) differs from DFP in being 
much less specific in its reactivity towards amino 
acids, reacting, not only with the phenolic hydroxyl 
group of tyrosine, but also, and with comparable 
ease, with the «-amino groups of tyrosine and 
phenylalanine and with the e¢-amino group of 
lysine; TEPP is slightly reactive towards both the 
a-amino and £-hydroxy groups of serine and is the 
only one of the anticholinesterases we have found to 
react at all with serine under the conditions of our 
experiments. 


DISCUSSION 


The marked difference in the reactivities of DFP 
and DCIP towards the phenolic hydroxyl group of 
tyrosine suggests some connexion between the 
similar difference in the capacities of fluorine and 
chlorine to form hydrogen bonds, and it seems likely 
that the reaction of DFP with tyrosine involves 
a hydrogen-bonded intermediate, such as (II); 


H 
RY No-{ _) ci,-cH (NH) -Co,H 
% 


P 
o/ | Nopr 

OPr' (11) 
hydrogen-bonded intermediates, of somewhat 
different type, have been postulated by Epstein, 
Rosenblatt & Demek (1956) in the reaction of 
phosphorofluoridates with catechol. 

The relevance of our findings for the important 
question of the biochemical mode of action of DFP 
is not clear. When our results were obtained it was 
tempting to conclude that the inhibition of esterases 
by DFP was due to ditsopropylphosphorylation of 
one of the tyrosine side chains in the enzyme 
molecule (cf. Ashbolt & Rydon, 1952), especially 
since such side chains have been indicated as being 
involved in the active centres of both cholinesterase 
(Wilson & Bergmann, 1950) and chymotrypsin 
(Sizer, 1945); there are, however, several major 
pieces of evidence which stand in the way of this 
obvious conclusion. First, O-phosphorylserine and 
peptides of O-phosphorylserine have been isolated 
from hydrolysates of DFP-inhibited enzymes 
(Schaffer, May & Summerson, 1953, 1954; Cohen, 
Oosterbaan & Warringa, 1954, 1955; Schaffer, 
Harshmann & Engle, 1955; Schaffer, Harshmann, 
Engle & Drisko, 1955; Schaffer, Engle, Simet, 
Drisko & Harshmann, 1956; Turba & Grundlach, 
1955; Oosterbaan, Kunst & Cohen, 1955; Cohen, 
Oosterbaan, Warringa & Jansz, 1955), although it is 
recognized that this is not proof of primary attack 
at a serine side chain (cf. Jandorf et al. 1955). 
Secondly, the reaction of DFP with tyrosine is very 
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slow compared with its inhibiting action on ester- 
ases. Thirdly, there is evidence which suggests that 
histidine may be involved in the primary attack 
(Wilson & Bergmann, 1950; Doherty & Vaslow, 
1952; Wagner-Jauregg & Hackley, 1953; Weil, 
James & Buchert, 1953). Fourthly, Jandorf et al. 
(1955) have shown that tyrosine is involved in a 
slow further reaction of DFP with enzymes, sub- 
sequent to the initial fast inactivation, and other 
proteins. None of the current views on the mode of 
action of DFP are, however, capable of explaining 
the fact that one, and only one, amino acid side 
chain is involved in the inactivation process, where- 
as the enzyme molecules all contain more than one 
residue of the implicated amino acids. It seems clear 
that the inhibition process involves some exception- 
ally reactive side chain, which presumably owes its 
enhanced reactivity to some form of interaction 
with neighbouring side chains; a constellation of 
side chains, rather than a single side chain, is 
involved, and the question whether this contains one 
or more of the amino acids serine, histidine and 
tyrosine must remain open for the present. 

It is clear from Table 4 that TEPP is more 
reactive, but less selective, towards amino acids 
than DFP; this may be of significance in view of the 
notable differences between DFP- and TEPP- 
inhibited enzymes towards reactivation (cf. Wilson, 
1955). 


SUMMARY 


1. The action of diisopropyl! phosphorofluoridate, 
diisopropyl phosphorochloridate and some other 
phosphorus-containing anticholinesterases on a 
number of amino acids under ‘ physiological’ condi- 
tions has been studied. 

2. Diisopropyl phosphorofluoridate, but not 
diisopropyl! phosphorochloridate, has been shown to 
react with the phenolic hydroxyl group of tyrosine 
under these conditions. 

3. Tetraethyl pyrophosphate is more reactive, 
but less selective, than ditsopropy! phosphorofluori- 
date towards amino acids. 

4. The significance of these findings for the 
problem of the mode of action of diisopropyl 
phosphorofluoridate and other anticholinesterases 
is discussed briefly. 

We thank the University of London for a grant from the 
Central Research Fund and Albright and Wilson Ltd. for 
the gift of some of the anticholinesterases used in this work. 
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The Catabolism of Glucose by Strains of Trypanosoma rhodesiense 
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(Received 7 August 1956) 


The African trypanosome, Trypanosoma rhodesiense, 
which in man causes sleeping sickness, has been 
maintained by blood passage in rats for many years. 
When isolated from rat blood, glucose or another 
carbohydrate is essential for the in vitro survival of 
the parasites and under these conditions the cata- 
bolism of glucose results in the formation of a 
number of extracellular end products (Fulton & 
Stevens, 1945), although the amounts of pyruvate 
and glycerol account for almost all the glucose 
utilized (Ryley, 1956). We have now used C- 
labelled glucose to study the metabolic pathways 
involved in the formation of pyruvate and glycerol 
and in the further catabolism of pyruvate by the 
same strain of 7’. rhodesiense, its drug-resistant vari- 
ants and a new strain freshly isolated from a human 
patient. In addition, experiments are described 
which indicate that pyruvate is also a major end 
product of the growing trypanosome in vivo. 


* Present address: Department of Biological Chemistry, 
University of Aberdeen. 


Some of these results have already been reported 
in a preliminary communication (Grant & Fulton, 
1956). 


MATERIALS AND METHODS 


Strams of trypanosomes. Two distinct strains of 7. 
rhodesiense were maintained in the rat as host. 

The Liverpool strain (‘L’ strain) was isolated in 1923 from 
a human patient and has subsequently been maintained in 
either mice or rats by blood inoculation. The atoxyl- 
resistant variant of this strain was obtained from the 
Liverpool School of Tropical Medicine (Yorke & Murgatroyd, 
1930). The stilbamidine-resistant variant was prepared as 
described by Fulton & Grant (1955). 

A new strain, termed ‘Maun’ (‘M’ strain), which had been 
isolated from a human patient only a few weeks before the 
present experiments, was obtained through the courtesy of 
Dr W. E. Ormerod, London School of Hygiene and Tropical 
Medicine. 

In the experiments which are to be described, the ‘L’ 
strain was used exclusively except where indicated. 

Direct estimation of trypanosome numbers. Trypanosomes 
in infected blood or in a saline suspension were determined 
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by a direct count in a Thoma~Zeiss haemocytometer by the 
method of Voegtlin & Smith (1920). 

Isolation of trypanosomes from rat blood. (a) ‘L’ strain and 
its drug-resistant variants: at the height of infection, when 
the blood was swarming with parasites, the rats (250-300 g.) 
were anaesthetized and bled by cardiac puncture into 
citrated saline [1% (w/v) NaCl and 2% (w/v) sodium 
citrate] containing 0-2% of glucose. After centrifuging at 
about 1400 g for 10 min. the serum was removed and the 
trypanosomes which had separated into a white layer above 
the red cells were removed as completely as possible with a 
Pasteur pipette and resuspended in buffered saline (Krebs & 
Eggleston, 1940) containing 10% (v/v) of horse serum and 
0:2 % of glucose. Residual red cells in this preparation were 
then removed by the technique of Moulder (1948), in which 
the serum of a rabbit immunized against rat red cells was 
used to agglutinate them. The final suspension of trypano- 
somes was examined microscopically and then centrifuged 
in a fine-bore graduated centrifuge tube, at exactly 900g, 
for 5 min. In this way reproducible volumes of the packed 
trypanosomes could be removed for inoculation of the 
incubation medium. (b) ‘M’ strain: heavy infections of rats 
did not usually occur and abnormally large numbers of 
platelets and white cells were present, which proved 
difficult to eliminate from trypanosome preparations by the 
technique described above. The following procedure was 
therefore adopted. Platelets were removed by defibrination 
of the blood with glass beads. The blood was then centrifuged 
and the upper layer of trypanosomes and white cells re- 
moved and resuspended in buffered saline containing glucose. 
Residual red cells were agglutinated as described above and 
each 20 ml. of the remaining thin suspension was percolated 
through a column of filter-paper powder (1 g. of Whatman 
ashless cellulose powder for chromatography per column; 
W. and R. Balston Ltd., Maidstone) supported on a pad of 
cotton wool. Although there was some loss of trypanosomes 
by this procedure, the eluate was essentially free from white 
cells. A known volume of packed trypanosomes was then 
prepared from the combined eluates as described above. 

In vitro incubation of trypanosome suspension. In all cases 
the medium consisted of buffered saline containing 10% 
(v/v) of rat serum and 0-2% of glucose. Each 100 ml. was 
inoculated with 1 ml. of the packed trypanosomes. These 
suspensions were then dispensed into suitable conical flasks 
so that the volume ratio of medium to residual air-space was 
1:3. The gas phase was either air-CO, (95:5) or N,-CO, 
(95:5). The flasks were stoppered with tight-fitting rubber 
bungs and incubated at 37° for 2 hr. with gentle agitation on 
a reciprocating shaker. 

To measure the evolution of “CO, from C-labelled 
glucose 25 ml. of a trypanosome suspension was pipetted 
into a 100 ml. wide-necked conical flask which also con- 
tained a 10 ml. flat-bottomed conical flask in place of the 
conventional centre well. The main flask was tightly stop- 
pered with a rubber bung, through which two glass tubes 
passed so that the end of one tube was just above the surface 
of the suspension and the other tube ended just inside the 
neck of the 10 ml. conical flask. After the flasks had been 
flushed with the air-CO, mixture for 10 min., the exterior 
end of each glass tube was sealed by a rubber vaccine cap and 
the flask was incubated as described above. Potassium 
hydroxide solution [1 ml. of 20% (v/v)] was then injected 
through the vaccine cap into the small conical flask with the 
aid of a fine-bore needle and syringe, and the suspension was 
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acidified by the injection of 2 ml. of 2N-H,SO, through the 
other vaccine cap. After shaking for a further 15 min. the 
vaccine caps were removed and traces of alkali on the 
interior surfaces of the tube into the small conical flask were 
rinsed into the latter by means of a few millilitres of CO,-free 
water. The small flask containing the alkali and washings 
was then removed, the contents were quantitatively trans- 
ferred to a small centrifuge tube and the carbonate was pre- 
cipitated as BaCO, for radioassay. 

Labelled compounds. Uniformly labelled glucose ({U-C}]- 
glucose) and [2-C]acetate were purchased from the Radio- 
chemical Centre, Amersham. [1-!4C]Glucose was a synthetic 
sample kindly given by Dr H. R. V. Arnstein (see Arnstein & 
Keglevié, 1956). [3:4-C]Glucose was prepared biosyn- 
thetically in vitro from rabbit-liver slices as described by 
Topper & Hastings (1949). Sodium [4C]bicarbonate was 
prepared by liberating “CO, from Ba™CO, with 10% (v/v) 
perchloric acid in an evacuated system and trapping it in 
a calculated volume of 2n-NaOH. 

Radioactivity measurements. Samples of infinite thick- 


’ 


ness’ were plated on 1 cm.? polythene disks (Popjak, 1950) 
and counted with a bell-shaped helium-filled Geiger 
Miiller counter. All radioactivity measurements made 


directly on iodoform samples were corrected for back- 
scattering, which was determined experimentally to cause 
errors of +9% on the particular counter used. The com- 
bined errors due to variation in sample preparation and 
statistical errors in counting were estimated to be +5%. 

Isolation of lipid fractions and protein-bound amino acid 
from trypanosome material. At the end of an incubation 
trypanosomes were isolated by centrifuging as described 
previously, and washed twice in buffered saline containing 
glucose; the final sedimented material was freeze-dried. 

The lipids of freeze-dried trypanosomes were quanti- 
tatively isolated and fractionated as described by Gidez & 
Karnovsky (1954) into acetone-soluble and acetone- 
insoluble lipid. After hydrolysis each fraction was extracted 
with ether, the solvent was removed in vacuo and the fatty 
acids were oxidized to CO, by the procedure of Van Slyke & 
Folch (1940) for radioassay as BaCO,. The residues which 
remained after ether extraction of the hydrolysate, con- 
taining mainly glycerol in the acetone-soluble fraction and 
glycerophosphate in the insoluble fraction, were evaporated 
nearly to dryness in vacuo at 40° and then converted into 
BaCO, as described above. 

The freeze-dried trypanosome material (about 2 g.) was 
freed of lipid and then extracted three times with trichloro- 
acetic acid (6%, w/v) at 90°, then with ethanol and ether, 
and dried at about 80°. The crude protein was hydrolysed 
with glass-distilled 6N-HCl (10 ml./g.) at 105° for 18 hr. in 
a sealed tube. The required amino acids were isolated by 
chromatography on Zeo-Karb 225 resin (The Permutit Co. 
Ltd.) from this hydrolysate as described by Fulton & Grant 
(1956). The purity of the isolated amino acids was confirmed 
by paper chromatography and by their constant radio- 
activity after recrystallization. 


Isolation and degradation of metabolic products 
present in the medium after incubation 
Glucose. The rat serum used in the incubation medium 
contained variable amounts of glucose, so that when ['C]- 
glucose was added the final radioactivity was determined by 
isolation of glucosazone from a sample of the trypanosome 
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suspension immediately before incubation, as described by 
Feller, Strisower & Chaikoff (1950). 

Pyruvate. Protein was precipitated from the medium by 
the addition of 10% (w/v) metaphosphoric acid, so that the 
final concentration of this acid was 2%. From the filtrate 
pyruvate was precipitated as the 2:4-dinitrophenylhydra- 
zone by the addition of a saturated solution of 2:4-dinitro- 
phenylhydrazine in 2n-HCl, and after standing overnight at 

+ 4° the hydrazone was filtered off, washed with water and 
recrystallized from ethanol to constant radioactivity. The 
location of “C in some of these hydrazone samples was 
determined as described below. Pyruvate 2:4-dinitrophenyl- 
hydrazone (usually about 200 mg.) and an equal weight of 
Adams platinum oxide catalyst (Johnson, Matthey and Co. 
Ltd., London) were suspended in 25 ml. of water and hydro- 
genated at room temperature and pressure for 4 hr. The 
catalyst was then filtered off, the almost colourless filtrate 
turning yellow and then green when brought into contact 
with air. The reaction products, alanine and 2:4:6-triamino- 
benzene, were absorbed from solution by a column of Zeo- 
Karb 225 (4cm.x2em.) in the hydrogen form, alanine 
being subsequently eluted with 6-15m-NH, aq. soln. The 
alkaline eluate was evaporated to dryness in vacuo, the 
amino acid being recrystallized by adding acetone to an 
aqueous solution and its purity checked by paper chromato- 
graphy with phenol—-NH, as solvent. Yield, based on hydra- 
zone used, was usually 50-60%. Alanine was subsequently 
degraded with ninhydrin as described by Gilvarg & Bloch 
(1951) to yield Cy, as CO, and C,g) plus Cig) as acetaldehyde. 
A portion of the acetaldehyde was further degraded with 
hypoiodite (see Hatcher & Mueller, 1929) to give C,) as 
iodoform. 

Glycerol. Usually 200 ml. of protein-free medium was 
adjusted to pH 8 with 20% (w/v) KOH and evaporated to 
dryness in vacuo at 50°. The residue was kept overnight in 
vacuo over P,O, and then extracted with three portions of 
ethanol (15 ml.) under reflux conditions. The combined 
extracts were filtered, 1 ml. of water was added and the 
volume was reduced to about 1 ml. in a stream of air. The 
residual solution was applied as a streak 10 in. long to 
Whatman 3 MM paper and, after air-drying, the chromato- 
gram was developed in the ascending manner for 16 hr. 
with a solvent system consisting of butanol-ethanol-NH, 
aq. soln. (1-5m) (45:50:5). After development thin strips 
were cut off the air-dried sheet, sprayed with ammoniacal 
AgNO, and heated at 110°. The area on the untreated part of 
the chromatogram containing glycerol (R, 0-43) was cut out 
and eluted with water. This eluate was then benzoylated in 
alkaline solution and the tribenzoyl derivative recrystallized 
from ligroin to constant radioactivity; m.p. 72° (uncorr.). 
In some cases the tribenzoy] derivative was hydrolysed at re- 
flux temperature with ethanolic NaOH (2N-NaOH-ethanol, 
1:1) for40 min. The solution was cooled, acidified with H,SO, 
and benzoic acid extracted with light petroleum (b.p. 60-80°). 
The residual solution was cooled, filtered and treated with 
periodic acid (Reeves, 1941) to yield C,) and C,,) as form- 
aldehyde, which was isolated as the dimedone derivative. 

Succinate. In one instance (see Table 5) this acid was 
isolated as described below and degraded by the method of 
Phares & Long (1955). 


Analytical methods 


Glucose was estimated by the procedure of Nelson, the 
modified colorimetric reagents described by Somogyi (1952) 
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being used. Pyruvate and «-oxoglutarate were estimated in 
blood samples by the specific paper-chromatographic 
technique (El Hawary & Thompson, 1954). In one instance, 
total keto acids were determined by the procedure of 
Friedemann & Haugen (1943). The small amount of 
succinate produced from [U-"C]glucose (see Table 2) was 
estimated manometrically by the procedure of Krebs, 
Smyth & Evans (1940). In order to determine the total 
radioactivity associated with this latter acid, a known 
amount of unlabelled pure sodium succinate was added to 
a known volume of the suspension and, after thorough 
mixing, the non-volatile acids were isolated by continuous 
ether extraction. These acids were separated by partition 
chromatography (Swim & Krampitz, 1954) and succinic 
acid in the appropriate fractions was isolated as the silver 
salt and oxidized to CO, for radioassay as BaCO, as de- 
scribed above. 


RESULTS 


Utilization of [U-4C]glucose by 
T. rhodesiense in vitro 


The essential nature of a suitable carbon source for 
the in vitro survival of T. rhodesiense made it 
desirable to determine to what extent such com- 
pounds are utilized for cell synthesis as well as for 
energy. From the results in Table 2 it can be seen 
that under aerobic conditions only a small amount 
of the glucose utilized is converted into cell carbon 
and CO,, the major part being catabolized to 
pyruvate and to a lesser extent glycerol. Under 
anaerobic conditions, however, approximately 
equimolar amounts of these latter compounds are 
formed. 

The use of [U-'4C]glucose in these experiments 
made it possible to estimate metabolic products by 
isotopic dilution (Table 1). This is of particular 
value with glycerol, which is difficult to estimate 
accurately in biological fluids. The determination of 
pyruvate by this procedure is valid in these experi- 
ments because we have found by paper chromato- 
graphy that it is the only keto acid produced under 
these conditions. 


Pathway of glucose utilization by 
T. rhodesiense in vitro 


The results in Table 3 for the [U-!4C]glucose 
experiment with the ‘ L’ strain show that pyruvate is 
formed exclusively from the glucose utilized, since 
the radioactivity of glucose is, within the limits of 
experimental error, double that of the pyruvate. 
In other words, pyruvate has the same specific 
activity/mole of carbon as the original glucose 
supplied. On incubation with [1-4C]glucose, 
pyruvate labelled only in methyl carbon was ob- 
tained, whereas carboxyl-labelled pyruvate was 
obtained from [3:4-!C,]glucose (Table 3). These 
experiments were repeated with [1-!C]glucose and 
the atoxyl-resistant and_ stilbamidine-resistant 
variants of the ‘L’ strain, both in the presence and 
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Table 1. Estimation of pyruvate and glycerol formed by incubation of T. rhodesiense with 
[U-“C]glucose by the technique of isotope dilution 


Identical trypanosome suspensions (400 ml.) each containing [U-'C]glucose (800 mg., 1-04uc) were incubated either 
aerobically or anaerobically for 2 hr. as described in the Materials and Methods section. From portions of each suspension, 
samples of pyruvate and glycerol were isolated as the 2:4-dinitrophenylhydrazone and the tribenzoyl derivative re- 
spectively to determine the specific activity (2) of these compounds. Known amounts (M’) of pure pyruvic acid (added as 
sodium pyruvate) and anhydrous glycerol were then added to measured volumes of these suspensions (70 ml.) and, after 
thorough mixing, pyruvate and glycerol were isolated as before. The specific activity of these diluted samples (y) completes 
the information required to calculate the mass of labelled compound (JM) present at the end of the incubation (cf. Ritten- 
berg & Foster, 1940). 


Specifie activity Mass (M) of 
Specific activity of Mass (M’) of (y) of compound labelled compound 
compound isolated unlabelled isolated after _ originally present 
from suspension compound added _ addition of its in 70 ml. of 
—_—_— to 70 ml. of unlabelled suspension 
Compound x suspension counterpart M’y|x-y 
Atmosphere isolated (pe/g.) po/m-mole (g.) (pc/g.) (g.) 
Air-CO, Pyruviec acid 0-42 0-11 0-0274 0-26 0-0445 
Glycerol 0-29 0-11 0-0442 0-031 0-0053 
N,-CO, Pyruvic acid 0-41 0-11 0-0274 0-17 0-0194 
Glycerol 0-28 0-11 0-0442 0-082 0-0182 


Table 2. A comparison of the products formed by incubation of T. rhodesiense with [U-4C]glucose 
under aerobic or anaerobic conditions 


Experimental details are given in Table 1. Evolution of “CO, was measured in duplicate trypanosome suspensions 
(25 ml.) which were identical with those described in Table 1. Glucose and succinic acid were estimated as described in the 
Materials and Methods section; — signifies value not determined. 








Air-CO, expt. N,-CO, expt. 
| oe Ee — ¢ —_—___—_ ee 
Yield of “C from Yield of “C from 
glucose utilized glucose utilized 
Material m-moles (%) m-moles (%) 
[U-C]Glucose utilized 1-75 - 1-17 - 
Pyruvate 2-89 82-6 1-26 53-9 
Glycerol 0-33 9-4 1-13 48-3 
Succinate 0-02 0-6 - - 
Respiratory CO, = 1-0 - - 
Freeze-dried trypanosomes ~ 1-5 - - 








Table 3. Percentage of the total radioactivity in glucose utilized by T. rhodesiense which was converted into 
carbon dioxide and the distribution of radioactivity in pyruvate formed during the same incubation 


Trypanosome suspensions (200 ml.) containing [U-“C]glucose (212-6 mg., 1-41 yc), [3:4-“C,]glucose (214 mg., 0-091 yo) 
or [1-“C]glucose (212 mg., 0-068 uc) were incubated under aerobic conditions for 2 hr. at 37°. Pyruvate was isolated 
as the 2:4-dinitrophenylhydrazone and degraded as described in the Materials and Methods section. Glucose was estimated 
colorimetrically at the beginning and end of each incubation, carbon dioxide evolution being measured concurrently 
in identical 25 ml. suspensions in duplicate. 











Molar radioactivity (u4c/m-mole) Isotope in the 
— ————— —  [C]glucose 
Type of, Pyruvate utilized evolved 
Strain of labelling in — ——$$__ as 4CO, 

trypanosome glucose added Glucose Cy) +Cy) + Cs) Cay Cra) + Cray Cys %) 
“h? [U-¢C] 1-12 0-59 0-21 0-39 0-20 1-12 
— [3:4-¢C,] 0-074 0-036 0-035 Nil Nil 0-74 
ae: [1-¥4C] 0-051 0-025 Nil 0-025 0-025 0-59 
Atoxyl-resistant* [1-44C] 0-055 0-028 Nil 0-027 0-027 0-46 
Stilbamidine-resistant* [1-14C] 0-055 0-027 Nil 0-026 0-027 0-54 
‘MW’ [1-¥4C] 0-056 0-028 Nil 0-028 0-029 0-62 


. . . . ‘ 
* The same results were obtained by incubation in the presence and absence of drug (see text). 
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absence of drug (Table 3). With the atoxyl-resistant 
variant the final concentration of drug in the 
medium was 20 yg./ml., which had no observable 
effect on motility, whereas this concentration was 
lethal to the parent strain within 10 min. Stilb- 
amidine had no observable effects on the motility 
of the parent strain or its resistant variant (Fulton & 
Grant, 1955). 

The results obtained on incubating the ‘M’ 
strain with [1-'4C]glucose (Table 3) were the 
same as those obtained for the other strain and its 
variants. 

The equal radioactivities of pyruvate and glycerol 
formed by incubation of 7’. rhodesiense aerobically 
and anaerobically with [U-C]glucose (Table 1) 
indicate that both compounds are exclusively 
formed from glucose. With [1-1C]glucose as sub- 
strate, however, the radioactivity of glycerol is 
equal to that of pyruvate under aerobic conditions 
(Table 4), in which only a small amount of glycerol is 
formed (Table 1), whereas under anaerobic condi- 
tions, in which almost equal amounts of pyruvate 
and glycerol are produced, glycerol contains a 
markedly greater radioactivity than pyruvate 
(Table 4). Moreover, under these latter conditions 
the specific activity of glycerol/mole of carbon is 
actually greater than that of the glucose from which 
it was formed. 
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Further metabolism of pyruvate by 
T. rhodesiense in vitro 


A large-scale incubation of the parasite with 
[U-4C]glucose permitted a sufficient amount of 
trypanosome material to be harvested for the 
isolation of specific compounds or fractions (Table 5). 


Table 4. A comparison of the molar radioactivities 
of pyruvate and glycerol formed by incubation of 
T. rhodesiense with [1-!C]glucose under aerobic 
and anaerobic conditions 


Identical trypanosome suspensions (300 ml.), each con- 
taining [1-"“C]glucose (600 mg., 0-23uc), were incubated 
either aerobically or anaerobically at 37° for 2hr. At 
the end of the experiment, pyruvate and glycerol were 
isolated and the glycerol was degraded with periodic acid 
as described in the Materials and Methods section. 

Molar radioactivity 
(uc/m-mole) ~ 


Air— N.- 
CO, expt. CO, expt. 


Compound 


Glucose utilized 0-065 0-065 
Pyruvate 2:4-dinitrophenyl- 0-031 0-020 
hydrazone 

Glycerol tribenzoate 0-032 0-042 
Formaldehyde dimedone derivative 0-015 0-020 


(Ca) + Cg) or glycerol) 


Table 5. Radioactivity in fractions or specific compounds isolated from trypanosomes incubated 
with [U-4C glucose 


Trypanosome suspensions (3 x 400 ml.) containing [U-'C]glucose (2-4 g., 5-04 uc) and two suspensions (400 ml.) con- 
taining unlabelled glucose and either [2-“C]acetate (5 mg., 1-350) or sodium [“C]bicarbonate (8 mg., 1-3c) were 
incubated for 2 hr. under aerobic conditions. The parasites were then harvested and the fractions or specific compounds 
were isolated as described in the Materials and Methods section. 


Total 
radioactivity Specific 
Labelled compound used Material isolated (inc) radioactivity* 
[U-4C]Glucose Acetone-soluble trypanosome lipid: 
Glycerol fraction 21-0 as 
Fatty acid fraction 0-046 — 
Acetone-insoluble trypanosome lipid: 
Glycerophosphate fraction 9-0 — 
Fatty acid fraction 0-002 — 
Amino acids in trypanosome protein: 
Aspartic acid - 89-0 
Glutamic acid - 0-6 
Glycine - 29-0 
Serine - 34-0 
Alanine _ 104-0 
{2-44C]Acetate Fatty acids of trypanosome lipid 169-0 
Extracellular pyruvate - 0-9 
Respiratory CO, — Nil 
[}4C]Bicarbonate Pyruvate - 1-9 
Succinatet - 46-2 


* Counts/min. above background at ‘infinite thickness’. 
+ Isolated after addition of unlabelled succinate to the medium. 
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Glutamic acid was essentially unlabelled, and this 
is of particular interest in view of the significant 
radioactivity found in alanine, serine, glycine and 
aspartic acid. 

The incorporation of isotopic glycerol derived 
from [U-™C]glucose into trypanosome lipids and the 
utilization of [2-“C]acetate for lipid fatty acids 
(Table 5) indicate that fatty acid and triglyceride 
synthesis take place under these in vitro conditions. 
The relative lack of incorporation of “C from 
[U-4C]glucose into fatty acid fractions of lipid thus 
suggests that the conversion of pyruvate into 
acetate does not occur to a significant extent. 
Moreover, the negligible incorporation of “C from 
[2-“C]acetate into extracellular pyruvate indicates 
that the reverse reaction does not occur. 

In the experiment with NaH™CO,, the “CO, 
remaining at the end of the incubation was re- 
covered by acidification of the medium and trapping 
the evolved CO, in alkali as described in the 


Keto acid (mg./100 ml. of blood) 











1 1 
0-4 08 12 
Trypanosomes/mm.? of rat blood (millions) 


Fig. 1. Amounts of pyruvate and «-oxoglutarate present in 
normal and infected rat blood. Keto acids were deter- 
mined in the blood of seven normal and nineteen infected 
rats by the quantitative paper-chromatographic method 
of El Hawary & Thompson (1954). At the same time the 
degree of infection was estimated by a direct count of 
trypanosome numbers. Individual results for each 
infected rat are shown. The spread of the values obtained 
from normal rats was 0:75-1:25 mg. of pyruvate and 
0-32-0-64 mg. of «-oxoglutarate/100 ml. ‘L’ Strain: 
O, pyruvate; 1, «-cxoglutarate. ‘M’ Strain: @, pyru- 
vate; M, «-oxoglutarate. 
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Materials and Methods section. The total radio- 
activity recovered in this way was found to be, 
within the limits of experimental error, the same as 
that originally added, although succinate isolated 
after the addition of carrier and pyruvate were both 
radioactive (Table 5). Degradation of this succinate 
sample showed that the isotope was located only in 
the carboxyl carbon atoms. It is thus clear that CO, 
fixation had taken place, although the amount 
involved must have been too small to detect by the 
technique adopted to measure it. 

Correlation of pyruvate production by T. rhodes- 
iense in vitro and in vivo. It seemed possible that 
the accumulation of extracellular pyruvate under 
aerobic conditions in vitro might be due to a de- 
ficiency of some essential cofactor or substrate in 
the incubation medium. However, the addition 
of cofactors such as coenzyme A, thioctic acid, 
diphosphopyridine nucleotide (oxidized, DPN*, or 


" 
Ww 
T 


“ 
Oo 

T 
Pe 


uw 
T 
gil 





Total keto acids (mg./100 ml. of blood) 


0 60 120 180 


Time (min.) 





Fig. 2. Effect of Mapharside (3-amino-4-hydroxypheny]- 
arsenoxide) on the total keto acid level in the blood of 
normal and infected rats (7'. rhodesiense, ‘L’ strain). All 
infected animals had approximately the same degree of 
parasitaemia as judged by microscopic examination of 
tail blood. Total keto acids were determined by the 
method of Friedemann & Haugen (1943) on individual 
blood samples obtained from groups of normal and in- 
fected rats. Similar estimations were then made at 
intervals after treatment of each rat with 5 mg. of 
Mapharside (intraperitoneal injection in water). Each 
point in the figure is the mean of values obtained from at 
least four animals. O, Infected rats; 0, normal rats. 
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reduced, DPNH), cocarboxylase or yeast extract 
added singly or together to the medium did not 
bring about any significant change in the amount of 
pyruvate formed during an incubation. Altering the 
serum content of the medium to a final concentra- 
tion of 50% (v/v), and the addition of NaHCO,, 
were likewise ineffective. 

Quantitative analyses of the keto acids in the 
blood of normal and infected rats (Fig. 1) showed 
that abnormally large amounts of pyruvate and 
a-oxoglutarate were present in the blood of rats 
infected with either the ‘L’ or the ‘M’ strain of the 
parasite. The blood pyruvate levels were correlated 
with the degree of infection and the role of the 
parasite was more conclusively demonstrated by 
treating infected rats with the trypanocidal drug 
Mapharside (3-amino-4-hydroxyphenylarsenoxide). 
The parasites had completely disappeared from the 
blood 90 min. after treatment. At this time the 
total keto acid levels in these rats had returned to 
near normal (Fig. 2), and at 120 min. were almost 
the same as those found in the blood of normal rats 
treated with Mapharside at the same time as the 
infected animals. 


DISCUSSION 


It has been estimated that the highly motile blood- 
stream forms of the pathogenic African trypano- 
somes consume glucose at a rate corresponding to 
about 50-100 % of their dry weight in 1 hr. under 
in vitro conditions (Brand, 1951), and in its absence 
they rapidly become motionless and disintegrate. 
With 7’. rhodesiense the carbon balance given by 
Ryley (1956) and the results presented here would 
indicate that the glucose utilized is largely cata- 
bolized to pyruvate and glycerol (Table 1), only 
minor amounts being used for cell synthesis 
(Tables 1 and 4) or converted into respiratory 
carbon dioxide (Table 1). 

The distribution of isotope in pyruvate formed by 
incubation of 7’. rhodesiense with specifically 14C- 
labelled glucose (Table 3) is consistent with that 
predicted by the Embden—Meyerhof—Parnas (EMP) 
scheme (see Wood, 1955). In this classical glycolytic 
pathway one mole of glucose is cleaved to 2 moles 
of triose phosphate, which are equivalent to one 
another in so far as pyruvate is concerned, so that 
Cj, and C,,, of glucose become the carboxyl carbon 
atoms of pyruvate, whereas Cy) plus C.,, and C.») 
plus C,, become the £ and « carbon atoms re- 
spectively. The oxidative pathway of glucose 
utilization in which the C,, of glucose is evolved as 
CO, would not appear to be of any importance to the 
trypanosome under these conditions, since only 
0-59 % of the [1-C]glucose utilized was evolved as 
respiratory CO, (Table 3). The possibility that this 
latter estimate is low owing to the use of endo- 
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genous “CO, by the trypanosome for synthetic 


reactions is unlikely to be of importance in view of 


the limited synthesis of succinate and cellular 
components observed in a similar incubation with 
[U-“C]glucose (Table 2). The EMP scheme is thus 
the major, if not the only, pathway for glucose 
utilization by 7’. rhodesiense under these in vitro 
conditions, and it is of interest that other trypano- 
somes such as 7’. hippicum (Harvey, 1949) and 7. 
equiperdum (Chen, 1948) contain glycolytic enzymes. 
The observation that the molar radioactivities of 
pyruvate and glycerol formed by incubation of 7. 
rhodesiense with [1-'4C]glucose can be varied by 
aerobic or anaerobic conditions may also be 
explained in terms of the EMP scheme. In this 
scheme glucose yields equimolar amounts of di- 
hydroxyacetone phosphate (DHAP) and glycer- 
aldehyde 3-phosphate (G3-P) which are in equi- 
librium with one another. This equilibrium state, 
which is catalysed by triose phosphate isomerase, 
has been estimated to be 96 % in favour of DHAP 
(Meyerhof & Junowicz-Kocholaty, 1943). Reduced 
diphosphopyridine nucleotide formed in the con- 
version of G3-P into pyruvate (reaction rate k,, see 
Fig. 3) can be reoxidized by molecular oxygen via a 
hydrogen-transport system (reaction rate k,) or by 
the enzymic conversion of DHAP into glycero- 
phosphate (reaction rate k,), and the amounts of 
pyruvate and glycerol formed by T. rhodesiense 
under aerobic and anaerobic conditions (‘Table 1) are 
consistent with this explanation, on the assumption 
that k,>k,. Under aerobic conditions, however, it 
was found that the small amount of glycerol formed 
from [1-C]glucose had the same radioactivity as 
pyruvate, indicating that in the equilibrium mixture 
of [1-44C]DHAP and unlabelled G 3-P the rate of 
conversion of G 3-P into DHAP (reaction rate /,) 
must be very much greater than the rate of forma- 
tion of pyruvate and glycerol from these compounds, 
ie. k,>k,>k,. In contrast, under anaerobic condi- 
tions equimolar amounts of these end products are 
formed (Table 1) and the molar radioactivity of 
glycerol was markedly greater than that of pyruvate 
(Table 3). Thus, the rate of conversion of DHAP into 








k 
DHAP 4 > Glycerol + DPN* 
DPNH 
Glucose k, k, 
G3-P 
k, | DPN* 


k 
Pyruvate + DPNH + H+ i? DPN+ + H,O 
2 


Fig. 3. Scheme for the utilization of glucose 
by 7. rhodesiense. 
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glycerol and G 3-P into pyruvate must be equal, and 
greater than that of G 3-P into DHAP, that is, 
kg=ky>ke. 

These observations are of more general signifi- 
cance. Studies on the quantitative importance of 
alternative pathways of glucose catabolism are 
usually made on the assumption that the two triose 
phosphates formed from glucose by the EMP scheme 
are isotopically equivalent for pyruvate formation 
(see Wood, 1955), so that pyruvate or a related 
compound formed from [1-'C]glucose by the EMP 
pathway should have the same radioactivity/mole 
of carbon as that of the original sugar. The present 
results would indicate that this assumption is not 
necessarily true and suggest that the query of 
Schambye, Wood & Popjak (1954) may be justified. 
These latter workers found that glucose of rat-liver 
glycogen is not symmetrically labelled when 
[1-“4C]glycerol is fed to rats, the C,, containing 
one-third more “C than the C,4,. More recently, 
Marks & MHorecker (1956) have shown that 
whereas “CO, was fixed into rat-liver glycogen 
in vitro, under certain conditions the Cy) of the 
glucose unit contained a greater radioactivity than 
the Cg. 

The incorporation of 14C from [U-'C]glucose into 
succinate and cell carbon (Table 2) would show that 
a small amount of pyruvate is metabolized by the 
trypanosome, and the results presented in Table 5 
are indicative of one pathway that is involved. The 
similar radioactivities of alanine and aspartic acid 
in trypanosome protein from the [U-4C]glucose 
experiment suggest that there is a direct synthesis of 
oxaloacetate from pyruvate and carbon dioxide. The 
incorporation of isotope from “CO, into the 
carboxyl carbon of succinate is in ageement with this 
view. This latter result is, moreover, only consistent 
with the formation of succinate from pyruvate by 
the pathway demonstrated in the ciliated protozoon, 
Tetrahymena gelei (van Niel, Thomas, Ruben & 
Kamen, 1942) and in other organisms (see Wood, 
1946), namely, pyruvate + CO, > oxaloacetate > 
malate — fumarate — succinate. Nevertheless, 
other intermediates of the tricarboxylic acid cycle 
such as acetate (Fulton & Stevens, 1945), succinate 
and citrate (Ryley, 1956) have been found to 
accumulate during the im vitro incubation of T. 
rhodesiense, and the dehydrogenase of malate, 
citrate, «-oxoglutarate and succinate have been 
demonstrated in preparations of the same parasite 
(Williamson, 1953). In the present experiments 
(Table 5) the insignificant radioactivity in either 
fatty acids and protein-bound glutamic acid from 
the [U-C]glucose experiment or pyruvate and 
respiratory carbon dioxide from the [2-'4C]acetate 
experiment would indicate that there was a neg- 
ligible formation or utilization of acetate by 
reactions of the tricarboxylic acid cycle. 
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The blood-stream forms of 7’. rhodesiense have not 
yet been cultivated in vitro (Tobie, Brand & 
MehIman, 1950), so that it is not easy to determine 
whether the metabolic reactions which have been 
observed are really representative of those taking 
place in the growing parasite. It is known, however, 
that heavily infected rats have little or no liver 
glycogen and are hypoglycaemic (Christophers & 
Fulton, 1938). The present work shows that 
abnormally high blood-pyruvate levels are corre- 
lated with the degree of infection (Fig. 1) and are 
directly caused by the metabolism of the parasite 
(Fig. 2). It thus seemed probable that pyruvate is 
the main end product of glucose catabolism by the 
trypanosome in vivo. 


SUMMARY 


1. Glucose is an essential substrate for the 
survival of the African trypanosome (Trypanosoma 
rhodesiense) in vitro, and uniformly C-labelled 
glucose has been used to prepare a radiocarbon 
balance of the products of this catabolism. Under 
aerobic conditions, pyruvate and, to a lesser extent, 
glycerol were the main end products; only minor 
amounts of 4C were incorporated into succinate, 
respiratory carbon dioxide and cell material. 
Approximately equal amounts of pyruvate and 
glycerol were formed under anaerobic conditions. 

2. The distribution of isotope in pyruvate and 
glycerol and the amount of !4CO, evolved when the 
trypanosome was incubated with [U-“C]- or 
[3:4-MC,]- or [1-4C]-glucose was consistent with the 
view that the Embden—Meyerhof—Parnas scheme is 
the major if not the only pathway of glucose utiliza- 
tion under in vitro conditions. Similar studies with 
[1-4C]glucose have also been made with the drug- 
resistant variants of this strain and also with a new 
strain recently isolated from a human patient. 

3. Pyruvate and glycerol formed from [1-“4C]- 
glucose under aerobic conditions have equal molar 
radioactivities. In contrast, glycerol has a greater 
molar radioactivity than pyruvate under anaerobic 
conditions. The implications of these results have 
been discussed. 

4. The further metabolism of pyruvate has been 
studied by comparing the radioactivities in fractions 
or compounds isolated after incubation of the 
trypanosome with [U-14C]glucose or [2-14C]acetate 
or NaH!4CO,. It has been concluded that carbon 
dioxide fixation, leading to the direct synthesis of 
oxaloacetate from pyruvate and the reduction of 
the former compound, can account for the formation 
of succinate. 

5. Abnormally high blood-pyruvate levels of 
infected rats have been correlated with the degree of 
infection. These levels can be rapidly returned to 
normal by treatment ofthe host with a trypanocidal 





250 


drug. 
pyruvate produced by the parasite is greater than 
the capacity of the host to metabolize or excrete it. 


We wish to thank Mr L. Hills and Mr K. Gammage for 
invaluable assistance in the maintenance of these strains 
and the handling of the experimental animals. 
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On the Determination of the Time Required for Biosynthesis 
of a Single Protein Molecule: Experiments with 
Rat Pancreatic Ribonuclease 


By VALDA M. CRADDOCK anp C. E. DALGLIESH 
Postgraduate Medical School, Ducane Road, London, W. 12 


(Received 29 October 1956) 


It has been pointed out by one of us (Dalgliesh, 
1953) that the time required for biosynthesis of a 
single molecule of protein must be known before 
conclusions about the mechanism of protein bio- 
synthesis can be drawn from certain kinetic data, 
or from the occurrence of unequal labelling in 
proteins (references summarized by Steinberg, 
Vaughan & Anfinsen, 1956). Ifthe time required for 
biosynthesis of a single molecule of protein is other 
than short, there should be a measurable delay 
between the addition of a labelled amino acid to a 
system actively synthesizing protein and the first 
appearance of free labelled protein in that system. 
There are in the literature several examples of the 


occurrence of such delays, e.g. in the synthesis of 
serum albumin in vitro (Peters, 1953), or whole 
serum proteins in vivo (Green & Anker, 1955), of 
y-globulins in vivo (Askonas, Humphrey & Porter, 
1956), of Bence—Jones protein in vivo (Putnam, 
Meyer & Miyake, 1956) and of the proteins of the 
pancreatic juice im vivo (Junqueira, Hirsch & 
Rothschild, 1955). The time before appearance of 
the labelled protein in these cases must include 
other factors, e.g. diffusion and mixing, besides the 
time of biosynthesis. To determine the true time 
of biosynthesis of a protein molecule, it seemed 
desirable to investigate synthesis of a single mole- 
cular species in as simple a system as possible. For 
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an initial experimental approach we chose for 
investigation rat pancreatic ribonuclease. Ribo- 
nuclease is a fairly stable protein, readily isolated in 
the pure state. It is a component of pancreatic- 
juice proteins, which exhibit a time-lag in incorpora- 
tion (Junqueira et al. 1955), and it can exhibit 
differences in specific activity of amino acid residues 
in different parts of the protein chain (Vaughan & 
Anfinsen, 1954) which might also be due to an 
appreciable time being required for biosynthesis of 
a single molecule (Dalgliesh, 1953). Our results have 
not allowed the time of biosynthesis of the protein 
to be deduced, but suggest the possible existence 
of differences between the modes of amino acid 
incorporation in vivo and in vitro and indicate the 
desirability of reassessing the relative roles of de 
novo synthesis and exchange. 


MATERIALS AND METHODS 


Animals. Adult female white rats were used. Each animal 
was killed by a blow on the head, and the pancreas removed as 
rapidly as possible. 

‘4C.Labelled amino acids. These were prepared bio- 
synthetically (Dalgliesh & Dutton, 1956). Labelled protein 
from the food yeast Torulopsis utilis or the green alga 
Chlorella vulgaris was hydrolysed enzymically, and the 
aromatic amino acids were removed (for other experiments) 
by starch chromatography (Moore & Stein, 1949). The total 
non-aromatic fraction was used in the present experiments. 

Paper chromatography. Chromatography was carried out 
by the descending technique on Whatman no. | paper. The 
organic layer of a freshly prepared butanol-acetic acid— 
water mixture (4:1:5, by vol.; Partridge, 1946) was used as 
solvent. 

Radioautography. Radivautugraphy of paper chromato- 
grams was carried out on Ilford X-ray film, with exposures 
varying from 15 hr. to 9 weeks as appropriate. 

Estimation of amino acids. Estimations were by the nin- 
hydrin procedure of Cocking & Yemm (1954). 

Estimation of total protein. The modified Folin method of 
Lowry, Rosebrough, Farr & Randall (1951) was used. 

Estimation of ribonuclease. (a) In eluates from chromato- 
graphic columns a modification of the method of Kunitz 
(1940) was used, 0-3 ml. of eluate being incubated with 
nucleic acid for 20 min. at pH 5-0; unhydrolysed nucleic acid 
was precipitated and removed by filtration, and the soluble 
nucleotides in the filtrate were determined by their ab- 
sorption at 260 my. 

(b) The ribonuclease content of pancreas slices was deter- 
mined by the procedure mentioned above after preliminary 
purification by (NH,).SO, precipitation (described below) 
and adjustment to pH 5-0. 

(c) Purified ribonuclease was determined by its absorption 
at 278 mp. This was found to be linearly related to concen- 
tration up to 3 mg./ml. 

Estimation of radioactivity. ‘ Infinite thinness’ counting of 
samples evaporated on 1 cm.? nickel planchets was used, 
with a thin mica end-window Geiger counter. Samples of 
an appropriate concentration giving no appreciable self- 
absorption were applied as drops at several different points 
on the planchet (to ensure greater spread if the protein 
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became deposited at the perimeter of the dried spots). 
Background determinations were made on the planchets 
before applying the samples, and appropriate corrections to 
the count made for background and coincidence. Counting 
was continued sufficiently long to give a standard error of 
the count of +3%, or better. 

Procedure in incorporation experiments. Pancreases from 
groups of ten rats were chopped with a tissue chopper 
(McIlwain & Buddle, 1953), and the slices, 0-38 mm. thick, 
were placed in 15 ml. of Krebs—Ringer—bicarbonate solution 
(Umbreit, Burris & Stauffer, 1949) containing casein 
hydrolysate (0-045%, w/v; 0-67 mg.) and approximately 
20 wo of “C-labelled mixed aliphatic amino acids (in about 
1 mg., the exact amount depending on the source). The 
slices were gassed for 2 min. with O, + CO, (95:5), and incu- 
bated in closed flasks at 37°, with constant shaking, for 
periods of up to 2 hr. The reaction flask was then plunged 
into an ice—water mixture, 2N-H,SO, added to bring the 
final concentration to 0-25N, and the tissue kept at 0° 
through the following crude fractionation of pancreas 
protein. 

The pancreas slices were weighed and ground in the incu- 
bation medium with sand, and the mixture was filtered 
through glass wool; the residue was washed with 0-25n- 
H,SO,, and the washings were added to the filtrate. The 
extract was brought to 0-6 saturation with (NH,),SO,, and 
the protein precipitate filtered off after standing at 0° for 
1 hr.; trichloroacetic acid was added to the filtrate to give a 
concentration of 10% (w/v) and the mixture left overnight. 
The protein precipitate containing the ribonuclease was 
centrifuged, washed twice with 10% (w/v) trichloroacetic 
acid and twice with 95% (v/v) ethanol, and dried in a 
desiccator. Casein hydrolysate (15 mg.) was added to the 
dry protein to facilitate subsequent location of the amino 
acid peak on chromatography ; the mixture was dissolved in 
phosphate buffer (1 ml.; see below) and run on a chromato- 
graphy column. 

Chromatographic purification of rat ribonuclease. The 
method used was similar to that developed by Hirs, Moore & 
Stein (1953) for purifying the ox enzyme by use of the ion- 
exchange resin Amberlite IRC-50. Species differences 
between ox and rat ribonucleases (Craddock & Dalgliesh, 
1956a) made it necessary to use a lower pH for purifying rat 
ribonuclease than ox ribonuclease. Sodium phosphate 
buffer (0-2m), pH 6-25, was used, with a column 0-9 cm. x 
30 cm. The fractions were analysed for ribonuclease, total 
protein and amino acids as described above. 

The ribonuclease-containing fractions were pooled, 
brought to 10% (w/v) with respect to trichloroacetic acid 
and allowed to stand overnight. The precipitate was washed 
twice with 10% (w/v) trichloroacetic acid and twice with 
95% ethanol, and dried in a desiccator. 


RESULTS 


It was hoped that use of a small animal, such as the 
rat, might lead to simpler and more economical 
requirements for incubation experiments than 
would be involved in working with the more usually 
investigated dog or ox pancreas. We intended to 
facilitate isolation of labelled rat ribonuclease by 
dilution with unlabelled ox ribonuclease, which is 
conveniently prepared ‘in quantity. This approach 
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Fig. 1. Chromatographic purification of rat pancreatic ribonuclease on an Amberlite IRC-50 column, 0-2M-phosphate 


buffer, pH 6-25, being used as eluent. @, Ribonuclease activity; O, ninhydrin colour; x , total protein. 





had to be rejected owing to the marked species 
difference between the rat and beef enzymes 
(Craddock & Dalgliesh, 1956 a) resulting in consider- 
able differences in chromatographic behaviour. 
Conditions were, however, readily found under 
which rat pancreatic ribonuclease could be separated 
by ion-exchange chromatography from other 
proteins in the pancreas extracts and from amino 
acids. A typical separation is shown in Fig. 1. The 
efficiency of the separation of amino acids and 
ribonuclease was investigated by incubating ribo- 
nuclease with labelled amino acids under the condi- 
tions of the incorporation experiments, except that 
the pancreas slices were omitted. The ribonuclease 
after reisolation showed no detectable radioactivity. 
It was calculated that incorporation into, or 
adsorption by, the protein of 0-003 % of the added 
amino acid radioactivity would have been detect- 
able. This is well below the lowest value obtained in 
the incorporation experiments. 

On aerobic incubation of rat-pancreas slices a 
steady rate of oxygen uptake was observed over a 
2 hr. period, and this rate was unaffected by addi- 
tions of glucose (up to 0-2 %) or casein hydrolysate 
(up to 0-045 %). On addition of labelled amino acids, 
radioactivity appeared in the ribonuclease sub- 
sequently isolated. That this was true metabolic 
incorporation was shown by the fact that no radio- 
activity was incorporated under anaerobic condi- 
tions. There was no detectable change in the total 
amount of ribonuclease during incubation. All 
incorporation experiments were carried out in the 
presence of unlabelled casein hydrolysate, to ensure 
the presence in the incubation medium of all amino 
acids essential for ribonuclease biosynthesis. 
Casein hydrolysate does not contain tryptophan, 
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Fig. 2. Determination of protein-bound radioactivity of 


rat pancreatic ribonuclease by ‘infinite thinness’ counting. 





but tryptophan is known not to be a component of 
ox ribonuclease (Tristram, 1950). In view of the 
species differences between rat and ox ribonucleases 
(Craddock & Dalgliesh, 1956a) we applied to the rat 
enzyme the reaction of Dickman & Crockett (1956) 
for the detection of bound tryptophan. No trypto- 
phan could be detected. 

The concentration of protein in the purified ribo- 
nuclease fraction could be accurately determined by 
its ultraviolet absorption. The radioactivity of the 
small amounts of protein obtained was found to be 
conveniently measurable by ‘infinite thinness’ 
counting. A large preparation of labelled ribo- 


nuclease was prepared batchwise from fifty rats and 
the self-absorption examined when counted under 
these conditions. From Fig. 2 it can be seen that the 
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count rate and concentration are linearly related up 
to 200 »g./1 cm.? planchet, showing that there is 
negligible self-absorption in this range. Fig. 2 also 
gives an indication of the precision of the method. 
The incorporation of labelled aliphatic amino 
acids derived from yeast protein is shown in Fig. 3. 
It will be seen that the amount of radioactivity 
incorporated varies approximately linearly with 
time, but there is no evidence of any marked delay 
before the first appearance of protein-bound radio- 
activity, as was found in vivo by Junqueira et al. 


(1955) for the total proteins of pancreatic juice, of 


which ribonuclease is one of the components 
(Rothschild & Junqueira, 1956). An obvious 
possible explanation of this apparent discrepancy 
was that incorporation in our experiments had 
occurred by exchange rather than by de novo 
synthesis. If true synthesis had occurred the 
specific activities of the individual amino acids of 
the ribonuclease should be in the same ratio as the 
specific activities of the amino acids in the incuba- 
tion medium. The small scale of our experiments 
only allowed us to investigate this point quali- 
tatively. One-dimensional chromatograms were 
run of the incubation medium and a hydrolysate 
(20 hr. at 105° in a sealed tube with 6N-HCl) of the 
corresponding preparation of ribonuclease, and 
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Fig. 3. Incorporation of the unpurified aliphatic fraction 
of an enzymic hydrolysate of yeast protein into the ribo- 
nuclease of rat-pancreas slices. 


RIBONUCLEASE BIOSYNTHESIS 25% 


radioautographs of the chromatograms prepared 
and compared. In one such experiment chromato- 
grams of measured fractions of the medium and of 
the hydrolysate, containing 220 and 12 ~mc, were 
exposed for 2 and 28 days respectively. The distribu- 
tion of activities in the two showed no obvious 
differences. This iscompatible with de novosynthesis, 
but does not exclude random exchange (see Discus- 
sion). It was calculated that the amount of syn- 
thesis indicated by the amount of radioactivity 
incorporated was within the experimental error of 
the determinations of total ribonuclease activity in 
the incubation mixture. 

An incorporation curve similar to that in Fig. 3 
was obtained with the aliphatic amino acids from 
a hydrolysate of Chlorella protein. In both yeast 
and Chlorella amino acid preparations, however, 
paper chromatography and radioautography showed 
the presence, on or close to the origin of the chro- 
matograms, of an appreciable amount of radio- 
activity ; this was associated with a brown colour but 
was apparently ninhydrin-negative. Protein hydro- 
lysates from Chlorella protein were therefore 
purified by paper chromatography. The impurities 
on the origin were cut off and the amino acids on the 
remainder of the sheets eluted and concentrated. 
Absence of ninhydrin-negative contaminants was 
confirmed by chromatography and autoradio- 
graphy. To our surprise the purified preparations 
were incorporated much more slowly than the 
original unpurified preparations (cf. Craddock & 
Dalgliesh, 19566) (Table 1). The presence of un- 
labelled casein hydrolysate in the incubation 
medium ensured that this low rate of incorporation 
of the purified preparations was not due to absence 
of an essential amino acid. The contaminating 
material near the origin of the preparative chro- 
matograms was therefore eluted, and was found to 
give a much higher rate of incorporation than the 
original preparations (Table 1). Since the labelled 
amino acid mixture used in the control experiments 
(incubation either without pancreas slices or with- 
out oxygen) had not been purified in this manner, 
the material on the origin contained a substance or 
substances markedly stimulating incorporation of 


Table 1. Incorporation of different preparations of labelled amino acids 
into the ribonuclease of rat-pancreas slices 


Slices were incubated aerobically under the conditions described in the text. Incorporation is expressed as 10* x (per- 


centage incorporation/mg. of ribonuclease). 


Amino acid preparation 


Incorporation 


A 


After 120 min. 


After 30 min. 





Unpurified aliphatic fraction from yeast protein 8-1 33°3 
Unpurified aliphatic fraction from Chlorella protein 4-4 17-6, 16-3 
Purified amino acids from Chlorella protein 1-1 3°3 
Slow-running material from Chlorella protein — 45-7 
Purified amino acids from Chlorella protein after — ‘ 3-2 


further passage through a starch column 
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radioauto- 
graphy of the eluate of the contaminating material 


amino acids. 
showed the presence of some ninhydrin-positive 
radioactive material, but in amount 
compared with the ninhydrin-negative labelled 
It therefore seemed probable that the 
ninhydrin-negative material was itself incorporated, 


very small 


material. 


and that it represented amino acid derivatives more 
readily available for protein synthesis than were 
free amino acids. The method of preparation of the 
labelled protein (Dalgliesh & Dutton, 1956), in- 
volving extraction with cold and hot trichloroacetic 
acid, made it unlikely that the protein was con- 
taminated by nucleic acid or nucleotides. Consider- 
ation of the various steps in the preparation of the 
protein hydrolysates suggested that a stage at 
which amino acid derivatives might be formed was 
during the chromatography on starch or during 
subsequent storage of the concentrated eluates from 
the starch columns, when reaction between amino 
acids and carbohydrate might have occurred. Such 
reaction would be in accord with the brown colour, 


low R, value, and apparent ninhydrin-negativity of 


the stimulating factor; moreover, carbohydrate 
derivatives of amino acids are known to stimulate 


biosynthesis of reticulocyte protein (Borsook, 


Abrams & Lowy, 1955). However, when a sample of 


the purified amino acid preparation was passed 
through a starch column and stored, it showed no 
increase in degree of incorporation (Table 1). The 
stimulating factor has not been further identified, 
and in particular a peptide nature for it has not been 
excluded. 


DISCUSSION 


We have found that under the conditions of our 


investigations the curve for the incorporation of 


amino acid radioactivity into ribonuclease inter- 


cepts the time axis at or near the origin (Fig. 3). If 


the introduction are 
correct, this would indicate that biosynthesis of a 
single molecule of ribonuclease is a rapid process 
(for a fuller discussion see Dalgliesh, 1957). On the 
other hand, the incorporation curve obtained in 
vitro is quite different from that obtained in vivo by 


the premises outlined in 


Junqueira et al. (1955), who found a marked time 
lag before radioactivity appeared in pancreas 
proteins. This suggests, as a possible alternative 
explanation, that the mode of incorporation differs 
in the two cases. An incorporation curve of the 
type we have found could obviously occur if there 
were exchange of free amino acids in the medium 
with the corresponding amino acids in the protein 
chain. If participation of a template in protein 
biosynthesis is assumed, a plausible mechanism is 
for amino acids to be laid down on the template 
surface, say by loose attachment of activated 
derivatives or by formation of template—amino acid 
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bonds, followed by combination of the amino acid 
residues and a ‘peeling off’ of the peptide chain so 
formed. It is implicit in the template hypothesis 
that any region of the protein corresponds to an 
appropriate region of the template, and it is not 
unreasonable to expect that in the normal course of 
cellular events a region of a protein chain might 
collide with the appropriate region of the corre- 
sponding template. It may well be that when such 
an event occurs the protein can become temporarily 
reattached to the template over a small part of its 
length, with labilization of the residues in this 
region and possible exchange with similar residues 
in the medium. Exchange would thus be a limiting 
form of the same process that brings about de novo 
Under normal circumstances exchange 
might well make a negligible contribution to the 


synthesis. 


net incorporation of amino acids into protein. But 
if for any reason normal synthesis were inhibited, 
collisions between protein and template might 
continue to give rise to incorporation by exchange. 
Such incorporation might occur for any residue for 
which corresponding free amino acids were avail- 
able, and the protein might thus attain specific 
activities of its individual residues similar to those 
of the corresponding free amino acids of the cell. 
In short, the disruption of cellular organization 
associated with in vitro preparations may result in 
a normal mechanism behaving in an abnormal 
manner, so that an incorporation of amino acids 
which én vivo proceeds largely by de novo synthesis, 
proceeds in vitro largely by exchange. The labelled 
proteins formed in the two cases would be in- 
distinguishable by the techniques described in this 
paper, and more refined techniques will be necessary 
before the time required for biosynthesis of a single 
molecule of protein can be determined by the 
approach we have used. It may well be significant 
that most of the cases (already cited) in which 
marked delays have been observed before appear- 
ance of radioactivity in protein, have occurred with 
in vivo systems, and it would seem highly desirable 
that the kinetics of protein synthesis should as far as 
possible be studied in such systems under conditions 
in which net synthesis, as well as incorporation, can 
be demonstrated. 


SUMMARY 


1. Activity—time curves have been determined 
for the incorporation of radioactive aliphatic amino 
acids into the ribonuclease of rat-pancreas slices. In 
contrast with results obtained by other workers in 
vivo, no appreciable delay was observed before the 
appearance of radioactivity in protein. 

2. The results are discussed in relation to various 
time factors in the biosynthesis of protein. It is 
suggested that exchange may be a limiting form of 
a template mechanism of protein synthesis, and 
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that whilst exchange may play only a small part in 
normal protein synthesis in vivo, it may become 
a dominant route for amino acid incorporation in 
vitro when cellular organization is disrupted or 
modified. 

3. The radioactivity in crude enzymic hydro- 
lysates of yeast or Chlorella protein is much more 
rapidly incorporated into ribonuclease than is the 
activity of purified hydrolysates. The activating 
factor has not been identified. 


We are most grateful to the Medical Research Council for 
support. 
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The Use of the Isolated Perfused Liver to Detect Alterations 
to Plasma Proteins 


By A. H. GORDON 


Nationai Institute for Medical Research, The Ridgeway, Mill Hill, London, N.W. 7 


(Received 30 October 1956) 


Although the ability of the liver to take up micro- 
scopically visible matter is well known, and although 
this organ has been shown to be a major site of 
plasma protein synthesis (Miller, Bly, Watson & 
Bale, 1951), little evidence has yet been obtained 
concerning its ability to take up and catabolize 
plasma proteins. An experiment in which Miller, 
Burke & Haft (1955) used “C-labelled rat plasma 
for this purpose is one of the few exceptions (see 
below). The present study has employed ™!I- 
labelled plasma proteins and the isolated perfused 
rat liver. This system has been found to be extremely 
sensitive to very small proportions of altered 
molecules present in samples of purified albumin 
and y-globulin isolated either by electrophoresis or 
by precipitation with solvents or salts. At intervals 
during the perfusions, plasma samples have been 
obtained and treated with trichloroacetic acid. The 
amounts of ™1I then remaining soluble have been 
taken as representing the successive degrees of 
proteolysis. 


The isolated perfused liver has several advantages 
for studies of this kind in addition to the primary 
one that it gives information about a single organ. 
These include the absence of any significant lymph 
pool, so that the complication is avoided of the 
initial period observed in vivo during which 
equilibration with lymph is occurring. This is of 
special value if it is desired to assess the initial rate of 
breakdown of a protein. Also, the size of the pool 
(and/or concentration) of the circulating plasma 
can readily be varied, and toxic substances which 
might lead to death in the whole animals can be 
employed. The limitations of this system include the 
short periods for which individual experiments can 
be conducted. This means that if two proteins with 
very different half-lives are present, the rapid initial 
breakdown of the one will overshadow the break- 
down of the other. However, the rate of catabolism 
of a protein which is only slowly metabolized can be 
investigated if the material with short half-life is 
preliminary injection of the 


first removed by 
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Table 1. 
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Details of individual perfusions 
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The pool ratio (column 9) is given by 0-0024 x [wt. of liver donor (g.)]/[wt. of plasma protein in circuit (g.)] (Campbell 
et al. 1956). The correction of the percentage of initial dose of [?*'I protein catabolized/hr. (column 10) is for the amount of 
plasma protein in the perfusion circuit and size of liver donor (cf. p. 258). The [*4C]lysine (column 14) is uncorrected for 
dilution of [}4C]lysine with lysine originating from breakdown of liver proteins (cf. Jensen & Tarver, 1956). RLP 43 and 
RLP 12 were on Lister Institute preparations. In RLP 12, the 100 mg. of amino acids used was added 3-25 hr. after the 
time of the first sample. For RLP 40, extra plasma was added after 2-5 hr. (cf. Fig. 1 for details). 


RLP 
no. 
19 
40 


9 
31 
43 


RLP 
no. 
19 
40 


31 
43 


34 
38 
39 
32 
36 
41 
42 


Unscreened preparations 
Rat-albumin preparation 2 
Rat-albumin preparation 4 
(partially denatured) 
Rat-y-globulin preparation 1 
Rat-y-globulin* 
Human albumin fractionated 
with ether 
Human albumin denatured 
by urea 
Human y-globulin fractionated 
with Na,SO, 
Human y-globulin fractionated 
with ether 
Human albumin + antibody 
Human albumin + antibody 


Screened preparations 
Rat-albumin preparation 3 
Rat-albumin preparation 4 
Rat-albumin preparation 4 
Rat-y-globulin preparation 2 
Rat-y-globulin preparation 3 
Human-albumin preparation 1 
Human-albumin preparation 1 


Unscreened preparations 
Rat-albumin preparation 2 
Rat-albumin preparation 4 
(partially denatured) 
Rat-y-globulin preparation 1 
Rat-y-globulin* 
Human albumin fractionated 
with ether 
Human albumin denatured 
by urea 
Human y-globulin fractionated 
with Na,SO, 
Human y-globulin fractionated 
with ether 
Human albumin + antibody 
Human albumin + antibody 
Screened preparations 
Rat-albumin preparation 3 
Rat-albumin preparation 4 
Rat-albumin preparation 4 
Rat-y-globulin preparation 2 
Rat-y-globulin preparation 3 
Human-albumin preparation 1 
Human-albumin preparation 1 


* Heated for 2 min. at 65°. 


Initial dose of 
[?*11]protein 


(mg.) 
(1) 
0-53 


1-6 
5 


1-0 


13-0 


Wt. of 


liver 
donor 
(g-) 
(8) 
322 
295 


340 
284 
294 


348 
305 
285 


284 
264 


296 
306 
259 
331 
315 
300 
246 


+ Not washed out with saline. 


8-9 
15-0 


6-9 
2-92 


21-0 
22-3 
28-5 
11-2 
42-0 

6-8 

6:1 


Pool 
ratio 
(9) 
0-236 
0-270 


(initial) 


0-250 
0-208 
0-261 


0-330 
0-228 
0-144 


0-172 
0-160 


0-208 
0-236 
0-176 
0-328 
0-219 
0-245 
0-17 


Blood 
(ml.) 


(3) 
89 
70 


91 


oa 
75 
70 


Percentage 
of initial 
dose of 

[?1I]protein 

catabolized/ 
hr. (corr.) 


(10) 


6-24 


0-283 
0-217 
0-260 
0-334 
0-500 
0-277 
0-296 


In perfusion circuit at start 
pri : 





Plasma protein 








(g.) (g. %) 
(4) (5) 
3-27 3°84 
2-62 4-22 
3°91 
35S 4-40 
2-70 3-98 
2-53 4:31 
3°21 3°77 
4:77 4-07 
3-98 4-47 
4-01 4:26 
4-66 
5-03 
4-76 
3-78 
4-66 
4:15 
4-75 

Percentage 


of initial 


Initial 


haematocrit 


30-0 


30-5 
26-0 


27:3 
28-3 
27-0 
24-3 
29-7 
27-0 
27:3 


Percentage of 
initial dose of 
{}*1]]protein 
catabolized 
in 5 hr. 
(uncorr.) 


(7) 


23-0 
24-0 


0-29 
0-26 
0-23 
0-55 
0-55 
0-34 
0-25 


Percentage 
of [4C]lysine 


dose found Also added at start of initial dose 





in liver —_—.. _ incorporated 
after L-Lysine “C radio- in plasma 
perfusion HCl activity protein 
with saline (mg.) (pC) at 4 hr. 
(11) (12) (13) (14) 
a 11-0 5-0 3-2 
2-8 9-0 5-0 4-2 
— 13-0 3-5 2-8 
4-75 —_ = 
4-74 — _— —_— 

- 11-0 5-0 3-9 
53-4+ 11-0 5-0 4-7 
69-7+ 11-0 5-0 4-0 

0-32 — — — 
0-33 11-0 5-0 6-8 
0-39t 11-0 5-0 5-4 
1-5 — — — 
0-80 11-0 5-0 6-2 
0-46 9-0 5-0 5-7 
0-315 9-0 5-0 6-2 


t Incompletely perfused out with saline. 
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mixture into a living rat. The plasma of this animal 
is then taken after a period long enough to ensure 
the removal of the rapidly degraded material and 
used as the dose material for the liver perfusion. 
This procedure, known as ‘screening’ (McFarlane, 
1956), has been used as a preliminary to a number of 
the perfusions reported below. 

In any perfusion system it is necessary to show 
that the perfused organ is fully functional. For this 
purpose, in the present experiments, a ‘C-labelled 
amino acid has been added to the blood, and in- 
corporation of the isotope in the plasma proteins 
has been measured (Miller e¢ al. 1951). Ability to 
synthesize plasma proteins has been considered a 
sufficient criterion for the functioning of the liver. 
To eliminate the possibility that liver [4C]protein 
might have escaped into the plasma, an experiment 
was carried out in which “C-labelled albumin was 
specifically isolated by means of an anti-serum. 


METHODS 


All perfusions were carried out with an apparatus of the 
type described by Miller et al. (1951), simplified by omission 
of the rubber diaphragm and transfer of the syringe unit to 
the outside of the box. In order to minimize the volume 
of blood required, the reservoir was filled with glass beads 
before use. 

Animals. Rats of the hooded strain maintained at the 
National Institute for Medical Research, Mill Hill, were used 
for all experiments except RLP 34, which was carried out 
with a liver and blood of the hooded strain from the Rowett 
Research Institute, Bucksburn, Aberdeenshire. Liver 
donors were starved overnight before use. Blood was with- 
drawn by heart puncture and heparinized (30 i.u./ml.). 


Supplements 


Glucose. 500 mg. of glucose was added at the start of each 
perfusion. 

Amino acids. A mixture of the same 18 amino acids as 
given by Miller et al. (1951) was used, but in different pro- 
portions which were adjusted to agree more nearly with 
those known to be present in rat plasma (Henderson, Schurr 
& Elvehjem, 1949). Except where otherwise stated, 100 mg. 
of the amino acid mixture was added to each perfusion at the 
same time as the [1*4I}protein. 


Preparation of proteins and iodination with *11 

Unless otherwise stated, all proteins were prepared by 
electrophoresis on treated cellulose columns according to 
Porath (1954). After concentration by pressure dialysis, 
they were examined by electrophoresis on paper and then 
iodinated with !*1I by the method of McFarlane (1956). The 
human y-globulin and albumin used in RLP 12, 43 and 45 
were made by the Medical Research Council Blood Products 
Unit at the Lister Institute, Elstree, Herts., by the ether- 
fractionation method of Kekwick & MacKay (1954). 

The human albumin used for the urea-denaturation 
experiment, RLP 45, was from the same batch as that used 
for RLP 43. Denaturation with 8M-urea and subsequent 
removal of the urea by dialysis and regeneration of the 
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albumin by heating to 41° for 30 min. at pH 5-25 were 
carried out as described by Neurath, Cooper & Erickson 
(1942); they showed that horse-serum albumin regenerated 
in this way has a molecular weight similar to that of native 
albumin, but differs from it in solubility and electrophoretic 
mobility. 

The weights of iodinated plasma proteins used have been 
small (Table 1). Therefore, to guard against losses due to 
protein adsorption on glassware, the solutions have been 
mixed with an excess of uniodinated rat serum. This was 
usually carried out immediately before dialysis (RLP 9, 19, 
21, 23); however, the human y-globulin used for RLP 12 and 
15 was mixed with rat serum soon after iodination and used 
several days later. In RLP 31, the y-globulin was not 
mixed with serum until after the heating procedure. 

Screening. Solutions of [1*4I proteins were injected intra- 
peritoneally into rats, volumes up to 3 ml. being used. 
After 48 hr. the animal was bled as extensively as possible 
by cardiac puncture. Sometimes a second cardiac bleeding 
was made possible by injecting 10 ml. of warm 0-9 % (w/v) 
NaCl into the inferior vena cava immediately after the first 
bleeding. 

Estimation of the degree of catabolism. The percentages of 
[781 }proteins catabolized at intervals during each perfusion 
were estimated by removal of blood samples, which were 
promptly centrifuged in haematocrit tubes and then kept at 
2°. At the end of each perfusion the plasmas were separated 
and 1 ml. of each was stirred with 3 ml. of 10% (w/v) 
trichloroacetic acid. Carrier Nal (approx. 10 mg.) was 
added before to this precipitation, and when [!C]lysine 
incorporation was being measured this amino acid (approx. 
5 mg.) was also added as carrier. The supernatants thus 
formed were removed at the centrifuge without delay and 
estimated for radioactivity. For measurements of “C the 
precipitates were handled as described by Miller et al. 
(1951). 

Measurements of radioactivity. [1*C\Protein samples were 
oxidized to CO, and estimated as described by Bradley, 
Holloway & McFarlane (1954). The error on the final 
samples was +3%. Solutions containing I were esti- 
mated in a scintillation counter (cf. Cohen, Holloway, 
Matthews & McFarlane, 1956). Errors were greatest in the 
estimations of non-protein-bound 1I. Counting of tri- 
chloroacetic acid supernatants was usually continued long 
enough to give +5% accuracy on the final sample of each 
series. 

Plasma-protein estimations. These were done on 0-1 ml. 
samples of the plasma by the biuret method of Gornall, 
Bardawill & David (1949). 


RESULTS 
Sources of error 


In perfusions in which low rates of catabolism 
occurred, possible inaccuracies in estimating the 
proportion of the radioactivity not due to protein 
became specially important. Thus concentration due 
to evaporation during the perfusion must lead to too 
high apparent rates of catabolism. Despite the use 
of a gas wash-bottle incorporating a sintered plate 
for the inflow of oxygen, some concentration 
occurred. Corrections based on the observed 
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258 
changes in radioactivity/ml. of plasma have there- 
fore been applied. For perfusions 32—45 a second 
gas washer was introduced, with the result that 
volume changes due to evaporation were greatly 
reduced. Since changes in volume due to evapora- 
tion can, under certain conditions, lead to significant 
errors and also because some of the rates of cata- 


bolism reported below are small, some examples of 
the apparent effect of volume changes on rates of 


catabolism are given in Table 2. 

In perfusions 9-21, appropriate 
Ringer solution—water (1:1, v/v) were added to 
compensate for evaporation. However, since this 
procedure required complicated and possibly in- 
accurate corrections for dilution, as well as for con- 
centration due to evaporation, it was abandoned, 
and, in perfusions 32-45 where measurements of the 
catabolism of screened proteins were undertaken, 
only corrections for evaporation and for sampling 
(see below) were required. 

As shown below (p. 259), the initial plasma 
volumes have been calculated in two ways. Com- 
parison shows differences of up to 15% for the 
results obtained by the two methods. This is 
thought to be largely due to error in reading the 
haematocrit tubes, which were graduated only at 
intervals of 0-2 ml. For this reason the values for 
the initial plasma volumes have been derived from 
the degree of dilution of the ™'I added initially. 

As shown in Table 2, errors are larger the greater 
the initial non-protein radioactivity of the dose. In 
the present work, errors due to this cause have been 
kept low by dialysing the [!I]protein solutions, 
before use, for 20 hr. against 2 1. of 0-9 % NaCl at 2° 
with rocking of the containing vessel. In this way, 
at worst, the level of non-protein radioactivity 
present initially has doubled during the experi- 
mental period. The effect of an increase of this 
magnitude is shown in Table 2. In most of the 
experiments much larger increases of non-pro- 
tein radioactivity took place. More prolonged 
dialysis would presumably have reduced still further 
the levels of non-protein radioactivity of the dose 
solutions. Since, however, the aim in most of this 


Table 2. Size of errors resulting from (undetected) 
concentration of blood during perfusion 


The radioactivity resulting from 10% 
concentration is expressed as a percentage of that appearing 


100%). 


non-protein 


when no concentration has taken place (no conen. 


Non-protein 
radioactivity 
appearing during 
the perfusion 
(arbitrary units) 


Non-protein 

radioactivity 
resulting from 

10% conen. 


Initial 
non-protein 
radioactivity 
(arbitrary units) 


10 100 112 
10 10 122 
10 1 222 
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volumes of 
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work was to-examine the behaviour of proteins un- 
modified except by the addition of the I label, 
more prolonged dialysis, carrying with it a greater 
risk of some slight degree of denaturation, was 
thought undesirable. 

Another type of error would arise if [1° iodide or 
iodinated protein were to become adsorbed on any 
of the surfaces of the perfusion circuit. Control (i) 
(see below), in which [}*Ijiodide was used, was 
therefore carried out. Measurement of total blood 
radioactivity at intervals during certain perfusions 
excluded loss of [1*1I ]protein. 

It may be noticed that the larger the amount of 
protein in the perfusion circuit the larger has been 
the factor by which the observed degree of cata- 
bolism has been multiplied to give the final figures 
for the screened proteins. Since errors must thereby 
be proportionately increased, it is evidently desir- 
able to work with the minimum volume of blood 
that will still allow circulation and a sufficient 
margin for sampling. 

Corrections applied to observed values 

(a) For volume of blood used and size of liver. Since 
rather different volumes of blood have been used in 
the various experiments, and also because the 
observed degree of proteolysis must depend to 
some extent on the size of the liver being perfused, 
some of the results have been multiplied by a factor 
(0-0024 x liver donor weight)/(plasma protein weight 
in perfusion circuit), called ‘the pool ratio’ 
(Campbell, Cuthbertson, Matthews & McFarlane, 
1956). The main purpose of this correction is to 
allow comparison of the results of one experiment 
with another. It is also necessary for the attempt 
made below to calculate the proportion of albumin 
catabolized in the liver in vivo (cf. Discussion and 
Table 5). However, such calculations are valid only 
if the rate of catabolism has been shown to be 
exponential over the period of the experiment, and 
the absolute amount of protein broken down to be 
constant despite different pool sizes. That this may 
be true for screened proteins is suggested both by 
the results shown in Figs. 4 and 5 and by the experi- 
ment (Fig. 1) in which the pool size was increased 
during the perfusion. On the other hand, with some 
of the uncreened dose materials the rate of cata- 
bolism fell markedly during the perfusion, so that 
except for RLP 40 such corrections have not been 
made. Any attempt to deduce a ‘rate of cata- 
bolism’ which is valid for a longer period than the 
5 hr. used for these experiments involves the assump- 
tion of a continuing constant rate of catabolism. This 
can be expected only if the homogeneity of the dose 
material is absolute. The aim of the screening experi- 
ments has been to achieve this, but it is recognized 
that further work is required to show how nearly 
homogeneity has, in fact, been attained. 
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lable 3. Example of corrections for changes in volume of perfusion circuit due to sampling 


After removal of each sample the observed value of the radioactivity of trichloroacetic acid supernatant has been multi- 
plied by a factor equal to (total vol. of blood remaining in the perfusion circuit) /(initial vol. of blood in the perfusion circuit). 
The figures in column (3) were obtained by multiplying those in column (2) by #. 


Increase in 
counts/3 ml. 
of trichloro- 
acetic acid 


Vol. of blood 
in circuit 
during each 








period supernatant/ 
(ml.) min. 
Period (1) (2) 
I 103 137 
2 98 148 
3 95 313 
4 92 393 
5 89 349 
ov 
8 
xe) 
9 30 w ° 
§ 9 
wv 
v 
o 
o 
5 20 
Vv 
wv 
N 
3s to) 
= 
S 
Vv 
2 10 
° 
v 
6 
ev 
~ 
c 
g | i 1 it i i 
2 0 50 100 150 200 250 300 


Time (min.) 

Fig. 1. Catabolism of rat albumin (RLP 40). This prepara- 
tion of [?*4Tjalbumin had become partially denatured on 
standing. At 2-5 hr. after the initial sample was taken, 
8-9 ml. of rat plasma that had previously been concentrated 
to contain 1-6 g. of plasma protein was added. Initial pool 
ratio, 0-270; final pool ratio, 0-168. ©, Values obtained by 
use of the true pool ratios appropriate to each period; 
x, initial pool ratio used for calculation instead of that 
actually existing. Both sets of figures have been cor- 
rected for sampling. The perfusion rate fell from 7 to 
5 ml./min. on addition of the extra plasma, and then rose 
again to 6 ml./min. 


(6) For sampling and evaporation. See below 
and Table 3. 


Methods of calculation 

To obtain rates of catabolism knowledge is 
required of the volume of blood initially present in 
the perfusion circuit. Since some loss of blood must 
take place during the setting up, blood volumes used 
in the present calculations (Table 1) have been 
derived either from the volumes left in the circuit 
at the end of each experiment with appropriate 


Increase in 
counts/ml. 
of plasma corr. 
for pool size 
appropriate to 
each period 


Increase in 
counts/ml. 
of plasma 


Cumulative 
increase 


(3) (4) (5) 
183 178 178 
197 182 360 
417 37% 733 
524 455 1188 
465 390 1578 


corrections for sampling and evaporation (per- 
fusions 9-21) or from the blood or plasma radio- 
activity/ml. Since values obtained by the latter 
method are believed to be more accurate than the 
corrected blood volumes derived from the final 
blood-volume measurements, they have been used 
for the calculations of perfusions 23-45 given in 
Table 1. The percentages of protein catabolized/hr. 
have been calculated as shown in the following 
example, in which the figures from RLP 36 (Table 1) 
have been used: 

(1) The volume of blood in circulation at the end of the 
perfusion is estimated as follows: Volume of blood pumped 
out (62 ml.) +[(Radioactivity of washings from perfusion 
circuit +liver saline perfusate)/(Radioactivity/ml. of final 
blood) (5-62/0-416 = 13-5 ml.)] =75-5 ml. (total vol.). 

(2) From the final blood volume and haematocrit (31-4%) 
the volume of red cells in final blood is calculated to be 
23-7 ml. To this, the volume of red cells of all samples 
(6-6 ml.) is added and from the initial haematocrit the 
initial plasma and blood volumes are obtained (72 and 
102 ml. respectively). 

(3) The volume of plasma initially in the perfusion circuit 
is estimated by dividing the initial dose of [!*1]protein by 
the radioactivity/ml. of the plasma. (0-5 ml. of plasma was 
diluted to 10-5 ml., and 3 ml. of this solution was used for 
counting. Therefore, plasma vol. 

42-2 x 0-5 x 3 x 7-2 x 10° 
58 400 x 10-5 


74-2 ml. and blood volume = 106 ml.) 


(4) A correction is applied for sampling as shown in 
Table 3, using the blood volume obtained in (3) above. 

(5) Cumulative increases are multiplied by the appropriate 
factor to correct for any volume change due to evaporation, 
i.e. final volume/initial volume = 1-0 as estimated by change 
in total radioactivity/ml. of plasma samples. 

(6) To obtain the percentage of the dose catabolized during 
5 hr. the corrected non-protein radioactivity formed/ml. of 
blood or plasma is expressed as a percentage of the initial 
dose/ml. 

1578 x 106 


—. - =0-55. 
42-2 x 7-2 x 105 
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(7) The resulting percentage (expressed/hr.) is divided by 
the pool ratio, i.e. (weight of protein assumed to have been 
present in the plasma of the donor rat [2-4 mg./g. body 
weight])/(weight of plasma protein initially present in the 
perfusion circuit) =(0-55/0-219 x 5) =0-50%. 


Control experiments 


(i) Recovery of [31I}iodide. Since the amount of 
protein catabolized has been estimated from the 
proportion of I rendered non-precipitable by 
trichloroacetic acid, a control experiment was 
carried out to ascertain recovery of [!*I]iodide 
added to rat blood. The same conditions were used 
as in the liver perfusions except for the absence of 
the liver. After addition of 2-870 in 0-7 mg. of 
carrier Nal to 104 ml. of rat blood, radioactivities in 
the whole blood, whole plasma and plasma trichloro- 
acetic acid supernatants were measured at hourly 
intervals for 5 hr. Recovery in plasma and in the 
plasma trichloroacetic acid supernatants was the 
same, namely 71% of the added dose. Variation 
between samples was small, being + 3-8 % of the dose 
for the plasma and + 3-1 % for the plasma trichloro- 
acetic acid supernatants. No trend in these figures 
could be detected. Correction for plasma volumes 
on the assumption of equal concentration of iodide 
inside and outside the red cells gave a total recovery 
of 102%. Recovery in the whole blood measured 
directly was 97% of the dose. In this series of 
measurements the value at 10 min. was low and has 
been excluded from the average. 

(ii) Stability of [*Talbumin in absence of a liver. 
In another control experiment again with no liver 
present, 10 uc of iodinated rat albumin (approxi- 
mately 0-3 mg. of albumin) was added to 113 ml. of 
rat blood and circulated for 3 hr. At this time a 
further 10 yc of the same solution was added and the 
experiment was continued for 3 hr. Measurements 
of the radioactivity in samples taken at hourly 
intervals showed 2-1% to be non-precipitable by 
trichlorcacetic acid. After the second addition this 
figure remained almost the same (2-2 %). 

(iii) Absence of exchange of [*4C]lysine with circu- 
lating antibody y-globulin and isolation by electro- 
phoresis and precipitation with an antiserum of 
14C-labelled rat albumin. The liver of a rat weighing 
263 g. was perfused with 116 ml. of blood, 58 ml. of 
which was obtained from rats which 6 weeks 
previously had received two intramuscular in- 
jections of human albumin each of 5 mg. in 0-5 ml. of 
Freund’s adjuvant mixture (Freund & McDermott, 
1942). An interval of a week was allowed between 
the injections. The antibody level in the plasmas at 
the time of use lay between 1-0 and 1-6 mg./ml. 
L-Lysine (11 mg.) was included in 100 mg. of the 
amino acid mixture, and 500 mg. of glucose plus 
Ringer’s solution to a total volume of 138 ml. were 
used. Half an hour after starting the perfusion, 


10 pc (0-5 mg.) L-[74C]lysine was added and samples 
were taken after 10 min., 2 hr. 40 min. and 5 hr. 
10 min. No radioactivity could be detected in the 
first sample, whereas 2-35 and 5-0% of the dose 
appeared in the proteins of the subsequent samples. 
After addition of human albumin at optimum 
proportions to another sample of the final plasma 
and standing for 2 days at 0°, the antigen—antibody 
complex precipitate was centrifuged off. After 
being washed three times with saline at 0°, followed 
by washes with 1:1 (v/v) ethanol—water, ethanol 
and ether, the precipitate was dried and estimated 
for 44C. The specific activity was found to be less 
than 2 % of that of the protein of the whole plasma, 
which was precipitated for this purpose by tri- 
chloroacetic acid and washed as described above. 
Since no precautions for the removal of complement 
were taken, this level of radioactivity in the anti- 
body precipitate may be considered as being due 
to coprecipitation with traces of the radioactive 
proteins present in the plasma. Exchange between 
free [14C]lysine and antibody lysine, and thus pre- 
sumably that of the other plasma proteins also, if it 
occurs at all cannot be at a level which needs to be 
taken into account for the present experiments. 

To investigate further the nature of the radio- 
active proteins that had appeared during the per- 
fusion, 12 ml. of the final plasma was subjected to 
electrophoresis in a starch slab. Veronal buffer 
(0-1m) at pH 8-6 and 3-0v/cm. for 24 hr. were used. 
Elution of those parts of the starch expected to con- 
tain the albumin and the y-globulin gave 160 and 
18mg. of protein respectively. Approximately 
1 mg. of this albumin plus 30 mg. of total serum 
proteins from a rabbit hyperimmunized against rat 
albumin (kindly made available by Dr P. N. 
Campbell) in a volume of 4 ml. of 0-9 % (w/v) NaCl 
was kept at 37° for lhr. The precipitate which 
formed was removed and washed as described 
above, except that only a single wash with saline 
was done; 8:0 mg. of protein was obtained. Both 
this sample and the protein obtained by trichloro- 
acetic acid precipitation of a sample of the eluate 
from which it came were estimated for 4C. The 
radioactivity of the eluate protein (albumin 
fraction) was 720 disintegrations/min./mg. of C, 
whereas that of the antigen—antibody complex was 
100 disintegrations/min./mg. of C. These figures 
indicate that 81% of the radioactivity present in 
the eluate was precipitated by the anti-albumin 
serum. Only the 0:52 % of the total radioactivity 
recovered from the starch appeared in the y- 
globulin fraction, which is in accord with the finding 
of Miller & Bale (1954) that no more than traces of 
y-globulin are synthesized in the rat’s liver. 

(iv) Effect of protein-pool size. Assuming that 
there is no special selection of [1*41]protein molecules 
for catabolism, it is to be expected that the rate of 
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Distribution of radioactivity between liver and blood after 5 hr. perfusion 


as a percentage of initial radioactivity 


In liver 
Human albumin + antibody (RLP 23)* 69-5 
Rat albumin, partially denatured (RLP 40) 2-8 
Rat y-globulin, heated 2 min. at 65° (RLP 31) 4-75 
Rat albumin, screened (average of 0-35 
perfusions RLP 34, 38 and 39) 
Rat y-globulin, screened (average of 1-15 
perfusions RLP 32 and 36) 
Human albumin, screened (average of 0-39 


perfusions RLP 41 and 42) 


* Not finally perfused with saline. 


liberation of 1I from protein will be proportional 
to the concentration of [1*1I]protein in the protein 
passing through the liver. In order to check this 
assumption, in RLP 40, 1-6 g. of rat plasma was 
added 2-5 hr. after the start. Fig. 1 shows the rates 
of catabolism thus found, plotted with and without 
correction for the change in pool size. The straight 
line obtained after proportional correction for 
increased pool size confirms the validity of the 
assumption. 
Liver perfusions 9-42 

The results for these experiments are presented in 
Tables 1 and 4. The latter shows the observed 
distribution of radioactivity between liver and 
blood. 

DISCUSSION 


Very different proportions of the variously treated 
plasma proteins were broken down during the 5 hr. 
perfusion period (Table 1). For convenience the 
results may be divided into three groups: (1) the 
screened proteins, 0-23-0-55 % of which were cata- 
bolized ; (2) the various preparations isolated by the 
usual methods (ef. p. 257 for details) and not specially 
treated. These, of which 0-61—3-8 % was catabolized, 
will be referred to as the ‘normal’ proteins; (3) those 
proteins which have been partially or completely 
denatured or caused to aggregate and were cata- 
bolized to the extent of 10-3-20-4%. The single 
exception to this scheme is the urea-denatured, and 
then regenerated, human albumin used in RLP 45, 
of which only 1:27% was catabolized. The much 
lower figures obtained for the screened proteins as 
compared with those referred to above as ‘normal’ 
suggests that the screening process removed a pro- 
portion of protein molecules which, because they 
had been altered in some way, would otherwise have 
been preferentially taken up by the perfused liver 
and catabolized. Since, with screened rat albumin, 
only 0-25 % of the protein initially added is cata- 
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Fig. 2. Catabolism of human serum albumin plus antibody 
(RLP 21). The liver donor used had been immunized 
against human serum albumin. The proportion of the 
blood from rats similarly treated was 18%. During 
9 min. after the addition of the human serum albumin the 
perfusion rate fell steadily to one-quarter of its initial 
value (approximately 7 ml./min.). It then rose again, 
finally attaining a rate of approximately 10 ml./min. The 
figures for percentage catabolized have been corrected 
for sampling; since 16 ml. of Ringer’s solution was added 
as replacement for the blood samples when each was 
taken, correction has also been made for this dilution. 


bolized during the 5 hr. period, amounts of the order 
of 3 % of the protein under examination can readily 
be detected, if present in such form as to be largely 
taken up by the liver during this period. 

The question of the origin of the small proportion 
of altered molecules in the ‘normal’ proteins is of 
some importance but cannot be usefully discussed 
without further investigation. Understanding of 
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the relative importance of the rate of uptake of 
proteins into the liver cells and their subsequent rate 
of catabolism and the significance of prior denatura- 
tion or aggregation for the rates of the two processes, 
or both, also requires much further work. Yet 
certain facts indicate that the rate of uptake is 
of over-riding importance as a factor controlling 
catabolism, at least where altered proteins are 
concerned. Thus when human [!I]Jalbumin was 
allowed to react with antibody during a perfusion 
(RLP 2land RLP 23 and Fig. 2) nearly the whole of 
the labelled protein was removed from the blood 
during the next 4 hr. 10 min. and a very high rate of 
catabolism took place (Table 4). Evidently under 
these experimental conditions the liver can rapidly 
catabolize a native heterologous protein. 

Since the ability of the liver to catabolize de- 
natured plasma proteins has not previously been 
studied, comparisons can most usefully be made with 
the relative rates of breakdown of native and de- 
natured plasma proteins when these are treated with 
enzymes én vitro. Under these conditions Bernheim, 
Neurath & Erickson (1942), using pancreatin as a 
source of trypsin, have shown that denatured horse 
plasma albumin is broken down rather less than 
twice as fast as is the native protein, and that this 
rate is unchanged after regeneration (cf. Methods). 
With pseudoglobulin, on the other hand, a much 
greater increase in proteolytic rate took place after 
denaturation. The rates of breakdown of protein 
molecules within cells must of course be governed by 
more complex factors than those operating in the 
experiments reported by Bernheim eé al. (1942). 
Yet in the present work it has been observed that 
albumin before and after urea denaturation 
(RLP 43 and RLP 45) showed rather similar 
differences to those observed in the in vitro system 
of Bernheim ef al. (1942). Approximately 10% of 
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‘ig. 3. Catabolism of rat y-globulin previously heated for 
2 min. at 65° (RLP 31). The figures for percentage cata- 
bolized have been corrected only for sampling. The rate 
of perfusion was approximately 7 ml./min. 


the preparation of rat y-globulin which had been 
heated to 65° for 2min. (RLP 31, Fig. 3) was 
broken down in the course of 5 hr. No doubt the 
relative lability of this protein towards enzymes as 
observed by Bernheim et al. (1942) for horse pseudo- 
globulin, and some degree of aggregation, contri- 
buted to this result. 

Screened proteins. In order to investigate the 
behaviour of proteins unmodified except by the 
introduction of the label, a number of perfusions 
were carried out on screened proteins. Details of 
this procedure are given above. Using the same 
strain of rats, McFarlane & Matthews (personal 
communication) have shown that, 48hr. after 
injection, 42-57% of rat albumin and 58-66% 
of rat y-globulin remain unexcreted. It therefore 
seems reasonable to assume that at this time 
nearly the whole of any substance with a catabolic 
rate as fast as that of a partially denatured protein 
will have disappeared. The catabolic rates obtained 
for these screened proteins are shown in Table 1. 
Evidently the screening process has reduced both 
catabolic rates to less than 50% of their previous 
values, with y-globulin still being broken down 
slightly faster than albumin (Figs. 4, 5). Comparison 
of these rates with those observed in vivo suggests 
that in vivo only a small proportion of each protein is 
broken down in the liver. An attempt to estimate 
this proportion quantitatively may be made for rat 
albumin as shown in Table 5. 

A similar calculation for y-globulin may be made, 
but is of less interest because of the lack of any 
accurate estimate of the proportion of y-globulin in 
rat serum. Accurate estimates of the rate of cata- 
bolism of human albumin in rats are not available, 
but McFarlane (1956) has shown in the rabbit that 
before the onset of immunity this protein is broken 
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Fig. 4. Catabolism of rat albumin after screening: A, 
RLP 34; 0, RLP 38; O, RLP 39. The same preparation 
of [2*4I]jalbumin was used for RLP 38 and 39. The figures 
for percentage of protein catabolized have been corrected 
for pool size and sampling, and in RLP 38 for 4% concen- 
tration due to evaporation. This last figure is based on the 
change in total radioactivity/ml. of the samples. The 
rates of perfusion were approximately 8 ml./min. for all 
three perfusions. 
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Table 5. Comparison of rate of catabolism of rat plasma albumin in the perfusion circuit and in vivo 


The figures are those from RLP 34 (Table 1). 


Total plasma protein in perfusion circuit 


Wt. assumed to be albumin (50%) 
Albumin catabolized 


Wt. of liver donor (rat) 


Plasma albumin of donor, assuming 2-4 mg. of plasma protein/g. 


3-4 g. 

1-7 g. 
{0-059 %/hr. 
(1-0 mg./hr. 

296 g. 

0-355 g. 


body wt. (Campbell ef al. 1956), and 50% of this as albumin 


Rate of catabolism of albumin in vivo (Campbell et al. 1956) 


9.5 0/ | 
{ 2-5%/hr. 
{| 8-9 mg./hr. 


Rate of catabolism by the perfused liver (as % of rate of 


catabolism in vivo) is therefore 
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Fig. 5. Catabolism ofrat y-globulin after screening (RLP 36). 
The figures for percentage of protein catabolized have 
been corrected for pool size, sampling and 2% concentra- 
tion due to evaporation. This last figure is based on the 
change in total radioactivity/ml. of the samples. The 
rate of perfusion was approximately 8ml./min. 


down only slightly faster than is the homologous 
albumin. As shown in Table 1, the catabolic rates 
for screened hetcroiugous and homologous albumins 
observed with the perfused rat liver are closely 
similar. Apparently the proteolytic enzymes of the 
liver do not distinguish the small differences between 
these molecules. 

An alternative explanation for the observed very 
low rates of catabolism of native plasma proteins 
might be forthcoming if the livers used for these 
perfusions had partly lost, under the conditions of 
the experiments, their original ability to break 
down protein. It is difficult wholly to exclude this 
possibility, but two circumstances appear to reduce 
the likelihood of such an explanation. First, there is 
the ability of the livers to incorporate L-[14C]lysine 
into plasma proteins in the same perfusions in 
which extremely low rates of catabolism were 
observed. The control experiments reported above, 
in which albumin containing C is characterized by 
means of an antiserum, are here relevant. The second 
circumstance is the marked ability of these livers to 
catabolize partially denatured protein or proteins 
present as antigen—antibody complexes. Thus in the 
perfusion in which human albumin was allowed to 
react with an antiserum, 30-5% remained in the 


blood after 4 hr. 10 min., and 53% of this was no 
longer in the form of protein. If then the perfused 
livers are fully functional, it seems probable that in 
vivo also only a small proportion of the total break- 
down of plasma proteins is brought about by the 
liver. If this is so, the finding of Miller e¢ al. (1955) 
that C-labelled plasma proteins are broken down 
as fast by the perfused liver as in the whole animal 
will require reinterpretation. At the moment it is 
possible only to note that the rate of catabolism 
reported by Miller e¢ al. (1955) is very much faster 
than anything observed in the present experiments, 
at least when screened proteins have been used. 

As shown in Table 4, some proportionality exists 
between the amounts of the various proteins broken 
down during 5hr. and the amounts of each (as 
measured by ™1I) which were found in the liver at 
the end of the perfusion. However, in perfusion 23, 
where the antigen—antibody complex was present 
presumably as larger aggregates, the liver was able 
to remove much more protein than could immedi- 
ately be catabolized. Only very small proportions 
of screened proteins (0-35% of the dose for rat 
albumin) were found in the livers after perfusion 
with 30 ml. of saline at the end of the experiment. 
Possibly only very small amounts of these proteins 
are able to penetrate any of the liver cells except 
those of the reticuloendothelial system. On the 
other hand, previous work by means of fluorescent 
antibodies and bovine serum albumin (Coons, 
Leduc & Kaplan, 1951) has shown that this protein 
can be revealed within the nuclei of mouse hepatic 
cells. If these experiments were repeated with 
screened proteins it might be possible to demonstrate 
whether the increased breakdown characteristic of 
partially denatured or particulate proteins is due 
only to increased catabolism in the Kupfer cells, or 
whether all the cells of the organ play some part. 
However, the contrast between the slow rate of 
breakdown of soluble native albumin and the rapid 
degradation of this protein when it occurs as part of 
an antigen-antibody complex emphasize the great 
reserves of proteolytig capacity in the normal liver. 
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SUMMARY 


1. The behaviour of serum albumin and y- 
globulin labelled with I has been investigated in 
the isolated perfused rat liver. 

2. Such a liver has been found capable of pre- 
ferentially removing and then breaking down very 
small proportions of altered protein molecules 
present in preparations of plasma proteins isolated 
by the usual methods. The proportions of such 
altered molecules actually present have been found 
to vary widely according, at least in part, to the 
methods used for the preparation of each protein. 

3. Very rapid breakdown occurred when human 
albumin was presented to the liver as part of an 
antigen-antibody complex. 

4. On the other hand, very slow liberation of ™I 
was found if the [**'I]proteins were first injected 
into rats and then, 48 hr. later, the plasma of these 
animals was used as the dose material for the liver 
perfusions. No difference could be detected between 
the behaviour of rat and human albumins which had 
been thus pretreated. 

5. The observed rate of catabolism of rat 
albumin if pretreated as above was found to be very 
low. This suggests that in the rat the liver is re- 
sponsible for not more than about 10 % of the total 
breakdown of serum albumin which occurs in vivo. 

6. The proportions of these proteins which were 
retained in the liver after 5 hr. perfusion and after 
finally perfusing out with saline have been measured. 

I am very grateful to Drs A. 8. McFarlane and J. H. 
Humphrey for valuable criticism during the whole of this 
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gift of certain of the plasma proteins. Finally I am grateful 
to Mr L. Assemakis for skilled technical assistance. 
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Glutamic Dehydrogenase in the Developing Chick Embryo 


By J. B. SOLOMON 
Chester Beatty Research Institute, Institute of Cancer Research: Royal Cancer Hospital, 
Fulham Road, London, S.W. 3 


(Received 15 August 1956) 


The processes of morphogenesis and differentiation 
in embryos may be expressed on the molecular 
level as an increasing complexity of arrangement of 
proteins in the embryonic cell. This arrangement 
may be accompanied by development or loss of 
certain enzymic activities during differentiation 
until the complement of enzymes characteristic of 
adult tissue is attained. Boell (1955) has reviewed 
the considerable amount of evidence that enzyme 
development is linked with functional differentia- 
tion during development. 

The ontogenic sequence of carbohydrate and 
protein as primary energy sources during develop- 


ment of the chick embryo (Needham, 1931) may be 
accompanied by the appearance of enzymes con- 
cerned with the conversion of carbohydrate into 
protein precursors. Glutamic dehydrogenase (GDH) 
plays an interesting role in amino acid metabolism, 
by providing a possible pathway for the production 
of glutamic acid from carbohydrate sources by the 
fixation of ammonia, or as an ‘L-amino acid oxidase’ 
in conjunction with the transaminases (Braunstein 
& Bychkov, 1939; Braunstein & Azarkh, 1945; 
Meister, 1955). 

GDH activity has been measured in blastoderms, 
embryos and their extra-embryonic tissues during 
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development of the chick embryo, and the levels 
of enzyme activity compared with those of the 
9-week-old hen. A preliminary report of this work 
has been presented (Solomon, 1956). 


EXPERIMENTAL 


Materials. «-Oxoglutaric acid (British Drug Houses) was 
recrystallized twice from hot acetic acid. Reduced diphos- 
phopyridine nucleotide (DPNH) and a solution of purified 
ox-liver GDH were supplied by C. F. Boehringer and Soehne, 
Mannheim. 

Tissues. Eggs were obtained from Rhode Island Red x 
Light Sussex fowls (Agricultural Research Council, Compton, 
Berkshire), and were incubated at 37° in a Westernette 
incubator. After varying periods of incubation, embryos and 
their extra-embryonic tissues were separated from the egg 
yolk, placed in ice-cold isotonic saline and their morpho- 
logical development was classified according to the stages 
proposed by Hamburger & Hamilton (1951). The average 
incubation times quoted by these authors for each stage 
were used so that morphological development is expressed as 
‘corrected incubation time’. Blastoderms were removed 
whole until 35 hr. (10 somites stage) when the opaque area 
was dissected from the embryo. When the opaque area 
became vascular, it was subdivided into the vascular area 
(limited by the sinus terminale) and the outer periphery of 
the yolk sac, until the vascular area completely surrounded 
the yolk (at about 7 days of development). In later stages 
the total extra-embryonic tissue was separated into the 
yolk sac and allantoic membrane. The tissues studied were 
the blastoderm (embryo with opaque area), the embryo 
from 35 hr., the vascular area (35 hr.—6 days), total yolk sac 
(from 35 hr.) and the allantoic membrane from 6 days of 
incubation. Tissues were stored at — 15°. 

Assay of enzyme activity. The method used was essentially 
that of Olson & Anfinsen (1952), with the addition of nico- 
tinamide and cyanide to the reaction mixture (Hogeboom & 
Schneider, 1953). The reductive amination of «-oxoglutaric 
acid in the presence of NH, and homogenate is accompanied 
by the oxidation of DPNH, which can be measured by the 
decrease in optical density at 340 my. The reaction mixture 
contained 1-6 umoles of KCN, 1-2 m-moles of nicotinamide, 
1:5 umoles of DPNH (sodium salt), 0-1mM phosphate buffer, 
pH 7-6 (2-5 ml.), 60 m-moles of NH,Cl and 0-1-0-2 ml. of 
enzyme solution or homogenate in each cuvette; total 
volume was 3 ml. Measurements were made in a spectro- 
photometer (Unicam SP. 500) at room temperature (20°). 
The optical-density reading for the blank was set at 0-4, and 
at zero time 10 zmoles of sodium «-oxoglutarate was added 
to the other cuvette and mixed by stirring with a spatulate 
glass rod. Readings of the decrease in optical density at 
340 my against the blank were made every 30 sec. for 3 min. 
During this period the rate of oxidation proceeded linearly 
and the amount of DPNH oxidized was directly proportional 
to the concentration of the homogenates. All assays were 
made in duplicate. Hogeboom & Schneider (1953) have 
shown with mouse-liver homogenates that the amount of 
DPNH oxidized under similar conditions corresponded 
stoicheiometrically with the amount of glutamic acid 
formed. One unit of GDH activity is defined as that amount 
which causes 1 pmole of DPNH to be oxidized in 1 min., 
€=6-22 x 10° (Horecker & Kornberg, 1948) being used as the 
molecular extinction coefficient of DPNH. 
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Protein determination. The method of Sutherland, Cori, 
Haynes & Olsen (1949) was used. Bovine plasma albumin 
(Armour Laboratories) dissolved in 0-1 m-phosphate buffer, 
pH 7-6, was used as standard protein. Estimations were 
made within the range 40-200 yg. of albumin in 5-5 ml. 

pH optimum. All assays were made in 0-1M-phosphate 
buffer, pH 7-6, which was found to be the optimum pH of 
GDH in an homogenate of 9-day-old chick embryos. 

Homogenates. Copenhaver, McShan & Meyer (1950) and 
Hogeboom & Schneider (1953) found that GDH activity was 
greater when tissues were homogenized in water instead of 
in isotonic sucrose solutions. All homogenates in this work 
were made in water with a ground-glass homogenizer, and 
assayed immediately. In the early stages of development 
tissues from about six eggs were pooled for each homo- 
genate; in later stages, tissues from two eggs were used. 
GDH activity was stable in frozen homogenates ( — 15°) for 
24 hr. 

Attempts to release further activity from homogenates. 
Hogeboom & Schneider (1953) have shown that GDH of 
mouse liver is localized exclusively in the mitochondria, and 
these authors obtained a threefold increase of activity after 
disruption of the mitochondria. When homogenates of hen 
liver were rapidly frozen and slowly thawed no increase in 
GDH activity occurred. Acetone-dried powders, prepared 
from hen liver by a method described by Morton (1955), 
showed less activity/mg. of protein than the original homo- 
genate. 

Enzyme concentration. When different concentrations of 
purified ox-liver GDH (Boehringer) were assayed, a linear 
relationship was found between decrease in optical density 
and concentration of enzyme within the range 0-04— 
1-6 x 10-* units (1-16 yg. of protein). Homogenates were 
assayed within this range. Olson & Anfinsen (1952) ob- 
tained a maximal specific activity of 30 units/mg. of protein, 
which is 300 times greater than that of the Boehringer 
preparation. 

Reversibility of the reaction. Olson & Anfinsen (1952) 
reported that, when glutamic acid was used as a substrate in 
the presence of oxidized diphosphopyridine nucleotide 
(DPN*), the values for specific activities of GDH prepara- 
tions were one-tenth of those for the reverse reaction. This 
has been confirmed on homogenates of hen liver when 
DPN*-reduction values were one-fifth of those for DPNH 
oxidation. In view of the very low activities of GDH found 
in the tissues studied only the DPN H-oxidation reaction has 
been used for assay purposes. 

Inhibitors. GDH is highly specific for L-glutamic acid 
(Euler, Adler, Giinther & Das, 1938; Dewan, 1938; Olson & 
Anfinsen, 1953). The addition of L-glutamic acid (end 
product of the DPNH-oxidation reaction) to homogenates 
at twice the molar concentration of the substrate produced 
50% inhibition of activity in 50yg. of purified GDH 
(Boehringer) and 80% inhibition of activity when it was 
present at ten times the molar concentration of the sub- 
strate. The addition of t-glutamic acid (ten times molar 
concentration of substrate) to a homogenate of hen liver 
(0-9 mg. of protein) produced 60% inhibition of GDH 
activity. Vallee, Adelstein & Olson (1955) have shown that 
GDH contains 4-5 g. atoms of Zn/mole of enzyme (mol.wt., 
10°). They found that activity was inhibited significantly by 
the metal-chelating agents sodium diethyldithiocarbamate 
and 1:10-phenanthroline. GDH activity of the Boehringer 
preparation (100ug.) was inhibited 50-80% by sodium 
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diethyldithiocarbamate (lymole) and ««’-dipyridyl (1 p- 
mole). Significant inhibition of GDH activity was produced 
when either of these two compounds (0-l1ymole) was 
added to a homogenate of livers from 14-day-old chick 
embryos (corresponding to 0-48 mg. of protein). 


RESULTS 


Egg yolk is known to contain many enzymes and it 
was not surprising to find GDH present in unincu- 
bated egg yolk of the fowl. Yolks obtained from eggs 
containing developing embryos showed a consider- 
able increase of activity from the second day to 
7-5 days of incubation (Table 1), and a decrease 
during the period 7-5—18 days of incubation. This 
behaviour is similar to that observed by Remotti 
(1927) for a protease having maximum activity in 
fowl-egg yolk at the tenth day of incubation, which 
is the time of maximum protein catabolism in the 
chick embryo (Needham, 1931). No GDH activity 
has been detected in egg white. 

The total GDH activity of the chick embryo, the 
yolk sac and the vascular area of the yolk sac is 


Table 1. Changes of GDH activity in egg yolk 
during development of the chick embryo 


10? x GDH activity 














Incubation cr —, 
period (Units/ 
(days) (Units/yolk) mg. of protein) 

0 1130 0-32 
1 1240 0-35 
2 1140 0-63 
7-5 4000 2-0 
11 3600 1-0 
18 600 0-47 
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Fig. 1. Levels of GDH activity in the chick embryo and the 
yolk sac during development. @, Embryo; A, vascular 
area; 1, yolk sac. 
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shown in Fig. 1, a semi-logarithmic plot being used 
for GDH activity. Activity was first detected in 
blastoderms, where it increased more rapidly than 
in the embryo until about the third day of incuba. 
tion. This activity was not localized in the opaque 
area, as the vascular area showed the same rate of 
increase up to 3 days of incubation. After the third 
day of incubation GDH activity increased less 
rapidly until the yolk sac was entirely vascular 
(about the seventh day). The rate of increase of 
GDH activity in the total yolk sac in later stages was 
very much less rapid. GDH activity was first 
detected in the chick embryo at the 10 somites stage 
(35 hr. of incubation) and activity increased rapidly 
until the 4-5 days developmental stage, when a 
change in the rate of increase was observed. A 
similar change in growth rate (on a wet wt. basis) 
has been observed at this stage of development. 
The distribution of GDH in the egg during 
development is shown in Fig. 2. GDH in the yolk is 
not severely depleted until the 16th day, when the 
embryo contains nearly half the total GDH in the 
egg. The amount present in the extra-embryonic 
tissues (the allantoic membrane is not shown as its 
contribution to the total is negligible), although 
greater than that of the embryo until the tenth dar, 
is never more than 5 % of the total activity of the 


egg. 


the vascular area of the yolk sac during 1-16 days of 
incubation are shown in Fig. 3. The activities/mg. of 
protein in the yolk sac follow a similar pattern to 
those relative to wet wt. except that the slight in- 
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} 
The GDH activities/g. wet wt. in the yolk sac and 


crease in activity/g. wet wt. at 4 days (Fig. 3) is | 


accentuated on a protein basis (2-5 days, 0-6 x 10°; 
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Distribution of GDH in the hen’s egg during incuba- 
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4 days, 1-4 x 10-* units/mg. of protein) and no sharp 
rise in activity (on a protein basis) was found in the 
vascular area of the yolk sac just before the third 
day of incubation. However, at 6-5 days of incuba- 
tion two high results were obtained for the vascular 
area (average 1-7 x 10-* units/mg. of protein). 

In the allantoic membrane, GDH activity/g. wet 
wt. showed only a very slight increase from 6 to 
18 days of incubation (6 days, 16-5 x 10-*; 11 days, 
23 x 10-%; 18 days, 24 x 10-3 units/g. wet weight). 
The increasing protein content of the allantoic 
membrane during this period of incubation showed 
as a decrease of activity/mg. of protein (6 days, 
1-27 x 10-*; 11 days, 0-51 x 10-*; 18 days, 0-48 x 10-3 
units/mg. of protein). 

The opaque area of blastoderms possesses a 
higher activity than any other extra-embryonic 
tissue at any time (on a wet wt. and protein basis) 
during the whole period of development; there is a 
small peak on the fourth day of incubation which 
may be due to the sudden rise in GDH activity (on 
a wet wt. basis only) in the vascular area just before 
the third day. 

The relative GDH activities (per g. wet wt. and 
per mg. of protein) in whole chick embryos during 
development (Fig. 4) again follow a similar pattern. 
GDH activity on a wet wt. basis increases slightly 
from the 10 somites stage to the second day of 
incubation, followed by a fall until the fifth day. 
Activity remains constant until the tenth day, after 
which there is a steady rise up to 16 days of incuba- 
tion, when the embryo has reached the high level of 
the 2 days of incubation stage. On a protein basis, 
GDH activity exhibits a more marked peak on the 
second day of development, but otherwise activity 
remains nearly constant during later development. 
This peak of activity/mg. of protein is of the same 
order as that found in the opaque area of blasto- 
derms 24 hr. earlier (2:6 x 10-* units/mg. of protein). 
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Fig. 3. Relative GDH activities in the yolk sac during 
development of the embryo. A, Vascular area of yolk 
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From the fourth day the constant level of activity/ 
mg. of protein in the embryo is five times greater 
than that of the yolk sac. 

The increase of GDH activity (per g. wet wt.) in 
whole embryos after 10 days was further studied by 
measuring GDH in organs and tissues of the embryo. 
Tissues studied were liver (from 7 days), brain (from 
10 days), heart and skeletal muscle (from 14 days 
until 3 days after hatching). The GDH activities/g. 
wet wt. of these tissues during late development of 
the embryo and early development of the chick 
(Fig. 5) remain constant in the brain and heart, but 
there is a slow increase in the liver up to the 16th 
day of incubation and then a decrease until 3 days 
after hatching; a similar pattern occurs in skeletal 
muscle, with a peak at 18 days of incubation. On 
a protein basis a slightly different accumulation of 
activity is evident (Fig. 6) ; the activities of heart and 
brain increase steadily after 19 days of incubation, 
liver shows a rather earlier peak (14 days) and 
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Fig. 6. GDH activity/mg. of protein in tissues of the 
developing chick embryo. @, Liver; O, muscle; A, 
brain; [, heart. 


Table 3. GDH activity per cell in early chick embryos 


Corrected 


incubation 10” x GDH 
time 10-® x no. activity 
(hr.) of cells (units/cell) 
34 1-0 240 
36 1-2 220 
47 4:3 93 
53 8-2 61 
56 12 58 
60 15 53 
70 92 15 


skeletal muscle exhibits a nearly tenfold rise in 
activity from the 16th to the 18th day. 

Leslie & Davidson (1951) have shown that there 
are large variations in cell mass and protein in the 
tissues of the chick embryo during development. 


The average cell number of a known weight of 


tissue was calculated from these authors’ figures for 
deoxyribonucleic acid phosphorus (2-35 x 10-7 yg./ 
nucleus). The average GDH activity/cell in the 
developing tissues of the chick embryo presents a 
similar pattern to Fig. 6 except for muscle where 
GDH activity/cell continues to increase after the 


J. B. SOLOMON 


Table 2. Comparison of GDH activities in organs from a 3-day-old chick and a 9-week-old hen 


108 x GDH activity 
A 





a ———— ‘ 


(Units/mg. of protein) 





Chick 


Increase Hen Increase 
(%) (3days) (9 weeks) (%) 
440 1-4 3-1 120 
440 1-7 1-8 150 
810 0-7 2-4 220 
200 1-8 10:3 470 


18th day of incubation to 3 days after hatching. 
The decrease in muscle-GDH activity on a wet wt. 
and protein basis after the 18th day of incubation 
(Figs. 5 and 6) now appears to be due to the great 
increase in muscle-cell mass and protein known to 
occur during this period of development (Leslie & 
Davidson, 1951). 

For comparison with levels of GDH activity of 
embryonic organs, GDH activity has been measured 
in the corresponding tissues of a 9-week-old hen. 
The general increase in activity with age is shown in 
Table 2. The percentage increases in GDH activity 
on a wet wt. basis are in the ascending order muscle, 
heart and liver, brain; whereas the order on a 
protein basis is heart, liver, brain and muscle. The 
heart and liver show the same percentage increases 
in activity, the brain increases its activity/unit wet 
wt. by eightfold and activity/mg. of protein is 
increased nearly fivefold in muscle. 

It is possible to calculate average GDH activity/ 
cell in embryos during the 35-72 hr. incubation 
period, on the basis of the average number of nuclei/ 


1957 | 


| 


— ~ 


~ 


embryo, which has been found to show a steady | 


exponential increase during this period (Solomon, | 


1957). The results (Table 3) show a gradually 
diminishing amount of enzyme/cell in the embryo 
despite the sharp peak of activity/mg. of protein at 
2 days (Fig. 4). This may mean that many cells in the 
later stages of development contain little or no 
enzyme, i.e. there may be a localization of enzyme 
activity. 

The highest specific activity obtained for a pre- 
paration of ox-liver GDH is 1 unit/30 ng. of GDH 
preparation (Olson & Anfinsen, 1952). This figure 
may be used to calculate the maximum amount of 
GDH present in any tissue; the highest level of 
GDH activity/mg. of protein is 10-3 x 10-* unit in 
skeletal of the 9-week-old hen, which 
corresponds to 0-:03% of the total protein. The 
maximum amount of GDH present in the 2-day-old 
chick embryo on this basis would be 0-01 % of the 
total protein. 


muscle 


DISCUSSION 


The increase of GDH activity in egg yolk from the 
second to the eighth day of incubation may be due 


to the disruption of yolk particles, e.g. vitelline 
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platelets (Panijel, 1950), during the metabolism of 
the yolk. The comparatively large amount of GDH 
in the egg yolk during development is in excess of 
the requirements of the embryo until the pre- 
hatching stages; however, it is not yet known 
whether the GDH of the yolk is transferred to the 
embryo during later developmental stages or 
whether the embryo can synthesize GDH inde- 
pendently of the yolk. 

The yolk sac is known to behave as a ‘transitory 
liver’ in respect to glycogen storage (Bernard, 
1872) and as mature liver in its response to insulin 
(Zwilling, 1951). It is interesting to note that the 
high level of GDH activity/mg. of protein of blasto- 
derms (2-6 x 10-3 unit) is greater than the activity 
of the yolk sac at 4 days (1-4 x 10-3 unit), vascular 
area at 6-5 days (1-7 x 10-% unit) and the liver at 
14 days (1-9x 10-% unit). The level of activity of 
14-day-old chick embryo liver is identical with that 
of liver of the 9-week-old hen, and the liver at 
14 days can be regarded as temporarily ‘functionally 
mature’ as far as GDH content is concerned. The 
high levels of GDH in the yolk sac during early 
development lend support to its suggested function 
as a ‘transitory liver’. 

The presence of minute amounts of GDH in 
tissues of the chick embryo does not indicate the 
extent to which the enzyme is being used for 
glutamic acid oxidation or synthesis. Both «-oxo- 
glutaric acid (Westfall, Peppers & Earle, 1955) and 
glutamic acid (Rupe & Farmer, 1955) are known to 
be present in 9-day-old chick embryos and their 
extra-embryonic tissue. Rupe & Farmer (1955) 
consider that the large reserves of free glutamic acid 
in the egg yolk and white are sufficient to satisfy the 
requirements of the developing embryo and, as 
these authors point out, the amount of glutamic acid 
that might be synthesized by the embryo is neces- 
sarily small. The minute amounts of GDH found 
are in agreement with this suggestion, and may only 
act as a localized ‘reserve mechanism’ for ammonia 
fixation ; however, Moog (1952) considers that chick 
embryonic tissues may not be provided with the 
enzyme reserves possessed by adult tissues. 

When the daily increment of GDH accumulation 
relative to wet weight in the developing embryo is 
plotted, the curve shows some similarity with those 
of total carbohydrate and protein (Needham, 1931) 
in falling rapidly until the sixth day of development. 
After this time the GDH curve remains at a nearly 
constant level and resembles that of carbohydrate 
rather than protein, which rises rapidly after the 
seventh day of development. 

Certain other enzymes which have been studied 
during the development of the chick embryo show 
some similarities to GDH. Levy & Palmer (1940) 
found that dipeptidase in the chick embryo had a 
high level of activity (on a wet weight basis) at 
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1-5 days of incubation, then activity decreased until 
the third day, and remained at a constant low level 
until the ninth day before rising to its former high 
level on the 16th day. This is a similar pattern to 
that of GDH after 2 days of incubation. The peak of 
GDH at 2 days precedes that of aminopeptidase 
(Levy & Palmer, 1943) at 2-5 days of development, 
which then follows a pattern similar to that of GDH 
during the later developmental stages. It appears 
that these peaks of activity in the early chick 
embryo follow the ontogenic sequence, dipeptidase, 
GDH and aminopeptidase, during 1-5—-2-5 days of 
incubation. These peaks of activity in early embryos 
were not found for glutamotransferase and glut- 
amine synthetase (Rudnick, Mela & Waelsch, 1953), 
which increase pari passu with total protein in the 
embryo and yolk sac (as did GDH after the fourth 
and sixth day respectively). Transferase activity 
(per mg. of protein) increased steadily in the liver 
between the sixth and 18th day of incubation but 
there was no peak of activity as with GDH. The 
change in GDH activity (per mg. of protein) in 
developing skeletal muscle shows a marked re- 
semblance to that of adenosine triphosphatase 
(Moog, 1947), which increased threefold between the 
12th and 20th days and then decreased to a constant 
level at 3 days after hatching. Moog (1952) states 
that the peak of adenosine triphosphatase activity 
coincides with muscular activity before hatching; 
the sharper increase (tenfold) in GDH activity in 
muscle during the 14th-18th day may also be 
associated with muscular activity of the embryo. 

The levels of GDH (per mg. of protein) in tissues 
during development of the chick embryo are 
generally lower than in tissues of the 9-week-old hen. 
However, with GDH it has been shown that the 
opaque area of the blastoderm and the 2-day-old 
embryo have GDH activities as high as those of 
adult brain, heart and liver. The ratio of minimum 
to maximum activities in ascending order is chick 
embryo and allantoic membrane (3), heart (6), liver 
(7), brain (10), yolk sac (13) and muscle (26). 

The GDH activity of early blastoderms is pre- 
sumably localized in the opaque area since embryos 
of 10 somites have only traces of enzymic activity. 
The high level of activity (per mg. of protein) in the 
opaque area of the blastoderm rapidly falls with 
development and is followed by a surge of activity in 
the whole embryo at 2 days. It appears that the 
opaque area contains a high level of GDH during the 
formation of the primitive streak and early somites ; 
a measurable amount of the enzyme occurs in the 
embryo after 24 hr., where it may have an important 
localized function in the morphogenic processes at 
this stage. The next surge of activity per mg. of 
protein occurs in the yolk sac at 4 days, but is not 
followed by a surge in total embryonic activity and 
may be connected with the mobilization of GDH in 
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the yolk. On the 14th day there is a pronounced 


surge in the liver which precedes a greater surge of 


activity in skeletal muscle on the 18th day. These 


surges of activity probably represent a pattern of 


functional differentiation of certain cells in the 


embryo, and in its liver and muscle. 


SUMMARY 


1. An increase of glutamic dehydrogenase (GDH) 
activity in yolk of the hen’s egg has been shown to 
occur in the mid-incubation period. 

2. Generally, the levels of GDH in embryonic 
tissues are less than those of tissues of the hen except 
for the blastoderm and 2-day-old embryo, which 
have GDH levels as high as those of some hen tissues. 

3. GDHhas been found to increase pari passu with 
total protein in the whole embryo and yolk sac from 
the fourth and sixth day of incubation respectively. 

4. GDH activity in the chick embryo and its 
extra-embryonic tissues during development has 
been shown to have similarities with certain other 
enzyme activities. 

5. In certain tissues of chick embryos during 
later developmental stages considerable surges of 
activity are found to occur which may be associated 
with functional differentiation. 
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Interrelationships between Lysine and ae-Diaminopimelic Acid and 
their Derivatives and Analogues in Mutants of Escherichia coli 


By PAULINE MEADOW, D. 8. HOARE* anp ELIZABETH WORK 
Department of Chemical Pathology, University College Hospital Medical School, London, W.C. 1 


(Received 13 November 1956) 


The little that is known of the biosynthesis or 
metabolism of lysine in bacteria suggests that the 
biosynthetic pathway is different from that in other 
Work, 1955; Strassman, 
1956). 


species (for review see 
Thomas & Weinhouse, meso-xe-Diamino- 

* Present address: Biochemistry Department, Univer- 
sity of California, Berkeley, California, U.S.A. 


pimelic acid, which is converted into L-lysine by 
enzymic decarboxylation (Dewey, Hoare & Work, 
1954), has now been established as a lysine pre- 
cursor in some bacteria. We have investigated 
further relationships between lysine and diamino- 
pimelic acid by studying the growth of certain 
diaminopimelic acid- and lysine-requiring mutants 
derived from Escherichia coli 9637 (Davis, 1952) 
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The lysine-requiring mutant 26-26 was blocked at 
the diaminopimelic acid decarboxylase step (Dewey 
& Work, 1952) and accumulated diaminopimelic acid 
during growth (Davis, 1952). The diaminopimelic 
acid-requiring mutant 173-25 had no such block, 
although it had a partial requirement for lysine 
(Davis, 1952). In this Laboratory, training of the 
latter mutant to grow in decreasing concentrations 
of lysine has produced a further mutant, D, which 
required diaminopimelic acid but not lysine. 

The effects of lysine analogues and derivatives on 
the growth of the lysine-requiring mutants 26-26 
and 173-25 were investigated. Most of the com- 
pounds tested were already known to affect lysine 
metabolism in other species. w-N-Acetyl-lysine 
replaced lysine for the rat but the «-N-acetyl 
derivative was inactive (Neuberger & Sanger, 1944). 
e-Hydroxy-x-aminocaproic acid prevented lysine 
utilization in rats (Gaudrey, 1954), and either in- 
hibited growth or replaced lysine in neurosporé 
mutants (Good, Heilbronner & Mitchell, 1950); but 
it had no effect on lactobacilli or the lysine-requiring 
E. coli mutants 173-25 and 26-26 (Ravel, Woods, 
Felsing & Shive, 1954; Davis, 1952). p-Lysine did 
not replace L-lysine in the rat, but spared the 
lysine requirement of certain neurospora mutants 
(Schweet, Holden & Lowy, 1954). Lysine polymers 
inhibited the growth of Staphylococcus aureus, E. coli 
and Leuconostoc mesenteroides, the most highly poly- 
merized compounds being the most active (Katchal- 
ski, Bichowski-Slomnitzki & Voleani, 1953 ; McLaren 
& Knight, 1953), and were tested for their activity 
against the mutants. 

Enzyme activities of the two diaminopimelic acid- 
requiring mutants were compared with a view to 
determining whether the additional lysine require- 
ment of mutant 173-25 was the result of a change in 
the relative activities of the enzymes known to 
metabolize diaminopimelic acid and lysine (Antia, 
Hoare & Work, 1957). 

The two diaminopimelic acid-requiring mutants 
were found to lyse during the logarithmic-growth 
phase when grown in the presence of lysine and low 
concentrations of diaminopimelic acid. The effects 
on this lysis of various derivatives and analogues 
of diaminopimelic acid and lysine were studied. 
Among the compounds tested was lanthionine, the 
monosulphur analogue of diaminopimelic acid and 
a constituent of the antibiotic nisin (Newton, 
Abraham & Berridge, 1953; Alderton & Fevold, 
1951). Lanthionine had been reported to replace 
diaminopimelic acid for the growth of mutant173-25 
(Seibert, Soto-Figueroa, Miller & Seibert, 1954); it 
did not do so under our conditions of test but had 
other interesting effects. 

It was hoped that conditions might be found 
whereby the diaminopimelic acid-requiring mutants 


could be used for microbiological assay. Davis 
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(1952) had reported that the use of mutant 173-25 
was complicated by the facts that excess of lysine 
was inhibitory and that the optimum concentrations 
of lysine varied with diaminopimelic acid concentra- 
tion. We found the main complication to be lysis. 

Some of these results have already been presented 
in a preliminary report (Meadow & Work, 1956). 


METHODS 


Chemicals 


ae-Diaminopimelic acid. Isomers were obtained as 
described by Hoare & Work (1955). Unless otherwise stated, 
mesodiaminopimelic acid was used. 

Diaminodicarboxylic These were 
materials prepared by Dr D. H. Simmonds (1954). 

Polylysines. These were obtained from Dr B. E. Volcani. 

N-Acetyl-lysines. w-N-Acetyl-L-lysine was prepared by 
a modification of the method of Neuberger & Sanger (1943), 
the ions being removed by electrodialysis (Found: C, 50-8; 
H, 8-6; N, 14:7%. C,H,,0,N, requires C, 51-0; H, 8-5; N, 
14:9%). a-N-Acetyl-t-lysine was prepared by Dr A. 
Neuberger & Dr F. Sanger (1943). 

Pure v- and t-amino acids. These were obtained from 
Dr J. P. Greenstein. Unless otherwise stated, the lysine 
employed was commercial L-lysine hydrochloride. 

Lanthionine. This was commercial material consisting of 


acids. unresolved 











meso- and LL-isomers. 
Casein hydrolysates. These were prepared according to the 
method of Askonas, Campbell & Work (1954). 


Organisms 


All organisms were grown at 37° and originated from the 
parent strain LZ. coli ACTC 9637. This organism grows well in 
the minimal medium described below. It was maintained on 
nutrient agar, stored at 4° and subcultured at 3-monthly 
intervals. It was subcultured into minimal medium 24 hr. 
before use. 

E. coli 26-26. This was originally obtained from Dr B. 
Davis. It required the addition of lysine (200 um) to minimal 
medium for optimum growth. It was maintained and stored 
in the same way as EL. coli 9637. It was subcultured into 
minimal medium containing lysine (200m) 24 hr. before 
use. 

E. coli 173-25. This was also obtained from Dr Davis. It 
required 100yM-diaminopimelic acid (meso- or LL-) and 
100 uM-lysine for optimum growth in minimal medium 
(Hoare & Work, 1955). It was originally stored at 4° on 
minimal-medium agar containing lysine (100uMm) and 
diaminopimelic acid (100 um), but after some time it was 
lost and a fresh subculture obtained from Dr Davis. It was 
then stored as a freeze-dried culture. Three days before use 
this was subcultured into minimal medium containing 
100 um-diaminopimelic acid and 100 uM-lysine and there- 
after subcultured daily in this medium. 

E. coli D. This was produced from mutant 173-25 by 
subculture into a series of tubes containing minimal 
medium plus 100puM-diaminopimelic acid and twofold 
dilutions of lysine from 100 um downwards, and also into a 
control tube containing no lysine. By daily transfer for 
about 4 weeks from the lowest concentration of lysine in 
which good growth occurred into lower concentrations of 





lysine, the mutant D was produced. It grew well in minimal 
medium containing 100 uM-meso- or -LL-diaminopimelic acid 
and was not stimulated by lysine. It was at first stored at 
4° on minimal medium agar plus 100 uM-mesodiaminopimelic 
acid and subcultured monthly. Under these conditions it 
was not stable and regained its lysine requirements. It was 
obtained afresh from mutant 173-25 as before and freeze- 
dried for storage. It was used in the same way as mutant 
173-25, except that lysine was omitted from the medium. 


Growth tests 


The minimal medium was a modification of that used by 
Davis & Mingioli (1950) and contained: K,HPO,, 7 g.; 
KH,PO,, 3 g.; sodium citrate, 0-5 g.; MgSO,,7H,0, 0-1 g.; 
(NH,),SO,, 1 g.; water to 11.; pH was 7-0. Sterile glucose 
was added after autoclaving (10 lb./in.* for 10 min.) to give 
a final concentration of 1% (w/v). For minimal-medium 
agar, agar (2%, w/v) was incorporated. Minimal medium 
was distributed in 6 in. x }in. glass tubes to give 10 ml. 
final volumes. Polylysines, leucovorin and pyridoxal phos- 
phate were sterilized by filtration through Dalton P5 
Chamberland thimbles. Except where stated, all other 
additions were made before autoclaving. All tests were set 
up at least in duplicate and included three control tubes, 
intended to detect reversion, containing minimal medium 
alone, minimal medium plus diaminopimelic acid or minimal 
medium plus lysine. The inoculum was usually one drop 
(0-02 ml.) of an 18 hr. culture, washed three times with 
normal saline and resuspended in its original volume of 
saline. For the penicillin experiments, heavy suspensions of 
logarithmically growing cells were produced by aeration 
with a stream of air during incubation; the organisms were 
washed as before and 3 ml. was used as inoculum. The tubes 
were incubated in a water bath at 37°. Growth was measured 
in terms of opacity at 675 my in the Unicam absorptiometer 
(type SP. 350) by placing the tubes directly in the apparatus 
and using a control tube for obtaining a zero reading. 
Corrections were made to bring net turbidity into a linear 
relationship with bacterial concentrations (Toennies & 
Gallant, 1949a). In order to detect reversion, the organisms 
from each tube were subcultured at the end of every experi- 
ment into minimal medium alone and into minimal medium 
containing the amino acid(s) necessary for growth, and 
incubated for 24 hr. 


Enzyme tests 


E. coli 9637 was grown for 24 hr. at 37° with aeration by 
agitation in 41. of minimal medium containing Difco acid 
casein hydrolysate (0-25 g./l.). The mutants were grown 
similarly with the addition of lysine and diaminopimelic 
acid as required. Before harvesting they were tested for 
reversion as previously described. The cells were harvested 
by centrifuging and washed three times with normal saline 
before drying with acetone and storage at — 10°. Diamino- 
pimelic acid and lysine decarboxylases were measured in the 
Warburg apparatus at appropriate pH as described by 
Hoare & Work (1955) and Hoare (1956). Racemase activity 
was determined chromatographically (Antia et al. 1957). 


Chromatography 


Whatman no. | paper was used throughout. The presence 
of diaminopimelic acid in the culture filtrates was demon- 
strated by paper chromatography in methanol—water- 
10N-HCl-pyridine (80:17-5:2-5:10) as used by Hoare & 
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Work (1955). The contents (10 ml.) of the tubes were 
filtered through Dalton P5 Chamberland thimbles to 
remove the bacteria, mixed with a knife point of activated 
charcoal (British Drug Houses Ltd.), evaporated to dryness 
on a water bath and resuspended in 0-1 ml. of water. 
Activated charcoal was removed by centrifuging and the 
whole solution examined chromatographically. Examina- 
tion of minimal medium with diaminopimelic acid added 
before or after this treatment showed that diaminopimelic 
acid was not removed by the activated charcoal. 

Bioautography (Winsten & Eigen, 1950) was used to 
detect growth-stimulating factors on chromatograms. 
Minimal-medium agar, containing sufficient (1M) syn- 
thetic diaminopimelic acid to give heavy growth only in the 
presence of a stimulating factor and 2:3:5-triphenyltetra- 
zolium chloride (0-1 %) as indicator, was seeded at 48° with 
a washed suspension of ZH. coli D (1-6 ml. of suspension/ 
100.ml. of agar) prepared as for growth tests. After de- 
velopment overnight in solvents, dried chromatograms were 
applied to the agar for 20 min. Controls, consisting of the 
same substances applied to the chromatography paper but 
not irrigated with the solvent, were also placed on the plates. 
After incubation for 18 hr. at 37°, areas where heavy growth 
had occurred were red. Lysis was visible as a clearing in the 
agar medium, which was otherwise slightly cloudy owing to 
trace growth of the organisms. The distances moved by the 
amino acids in various solvents were determined by making 
duplicate chromatograms, one of which was applied to the 
agar plate while the other was dipped in ninhydrin in 
acetone (0-1%, w/v) and heated at 100° for 2 min. 


RESULTS 


Growth characteristics of E. coli 173-25 and D 

The findings of Davis (1952) on the absolute 
requirement of mutant 173-25 for diaminopimelic 
acid and the relative requirement for lysine were con- 
firmed (see Table 1), although the diaminopimelic 





Table 1. Effects of lysine, diaminopimelic acid (DAP) 
and lanthionine on growth of E. coli 173-25 and 
E. coli D for 18 hr. in minimal medium 


Growth conditions and technique are as described in 
Methods. +, added to the medium; —, not added to the 


medium. 
Lanthio- Turbidity 
DAP nine at 675 mp, 
(100 um) (10 um) corrected 
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acid concentration (100M) required for optimum 
growth was five times higher than that reported by 
Davis. Mutant D responded only to diaminopimelic 
acid (Table 1) and an approximately linear relation- 
ship existed between diaminopimelic acid concentra- 
tion (0-50 um) and the final optical density [Fig. 5, 
curve (a)]. On the other hand, with mutant 173-25 
there was no such linear relationship; study of the 
growth curves in the presence of lysine revealed that, 
with low concentrations of diaminopimelic acid, 
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Fig. 1. Response of Z. coli 173-25 to various concentrations 
of mesodiaminopimelic acid in the presence of L-lysine 
(100 um). Growth was at 37° in tubes containing 10 ml. 
of minimal medium plus amino acids; inoculum was 
0-02 ml. of washed cells from an overnight culture. 
Optical density was measured at 673 my. Concentrations 
of mesodiaminopimelic acid (um): O, 40; x. 20; @, 10; 
A, 5; A, 2°5. 
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Fig. 2. Response of EF. coli 173-25 to various concentrations 
of L-lysine in the presence of mesodiaminopimelic acid 
(50um). Methods as in Fig. 1. Concentration of L-lysine 


(um): x, 100; O, 50; @, 10; A, 5; A, 1; Mf, no lysine. 
18 
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decreases in turbidity occurred after varying periods 
of logarithmic growth. Fig. 1 represents a series of 
such growth curves obtained with mutant 173-25 
grown in lysine (100 um) and varying concentrations 
of diaminopimelic acid. Both the lag time (0—5 hr. 
after inoculation) and the growth rate in the 
logarithmic phase (5-10 hr. after inoculation) were 
independent of diaminopimelic acid concentration ; 
but between 6 and 10 hr. after inoculation there was 
a decrease in turbidity in the tubes containing con- 
centrations of diaminopimelic acid below 20pm. 
This decrease continued at an approximately log- 
arithmic rate and occurred first in media containing 
the lowest concentrations of diaminopimelic acid. 
After this phase of fall in turbidity (hereafter 
referred to as lysis), there was a slight rise in 
turbidity which was not due to reversion of the 
culture since, 24hr. after inoculation, tests for 
reversion showed that the organisms still retained 
their original growth requirements. At diamino- 
pimelic acid concentrations higher than 20 uM no 
lysis occurred. 

At various stages of the growth curve, the or- 
ganisms in certain tubes were centrifuged out and 
the culture filtrates examined for diaminopimelic 
acid. Since very small amounts of diaminopimelic 
acid (1-938 yg./tube) were present originally in the 
media in which growth and lysis occurred, paper 
chromatography proved to be the only feasible 
method of examination. Even here it was necessary 
to examine the whole contents (10 ml.) of the tubes. 
Fortunately, the solvent usually employed for the 
detection of diaminopimelic acid on paper chro- 
matograms (methanol—water-HCl-pyridine) can be 
used to separate substances mixed with high con- 
centrations of salts. No preliminary desalting or 
treatment other than removal of carbohydrates by 
activated charcoal was found necessary before 
concentration of 10 ml. of culture media and appli- 
cation to a single spot. In all tubes where lysis had 
occurred, no free diaminopimelic acid was found 
(i.e. less than 0-5 ng. was present), whereas those in 
which logarithmic growth was taking place con- 
tained detectable amounts. In the control tubes 
containing more than 20 yM-diaminopimelic acid. 
where no lysis was observed, diaminopimelic acid 
was found in the medium in all stages of growth. All 
the tubes examined contained lysine. 

When mutant D, which grew normally in the 
absence of lysine, was grown with lysine in the 
medium, the result was identical with that obtained 
with mutant 173-25 on the same medium; lysis 
occurred in the same concentration range of di- 
aminopimelic acid (Fig. 3). 

Effect of growth conditions on lysis. Changes in the 
age and size of the inoculum of both mutants were 
investigated. With inocula grown for 6, 9, 12, 15 and 
24 hr. there was no change in the time of lysis or the 
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level of diaminopimelic acid below which lysis 
occurred. The lag phase could be shortened to 2 hr. 
and the time of lysis brought forward slightly by 
increasing the inoculum size, but lysis still occurred 
only in the logarithmic phase; the total growth 
achieved before lysis and the concentration of 
diaminopimelic acid below which lysis occurred were 
unchanged. 

The concentration of glucose in the medium was 
varied between 1 and 0-05 %, below which level the 
amount of growth was too small to be measured. 
Within this range lysis was unaffected by glucose 
concentration and in all further experiments 1% 
(w/v) glucose was used. Changes in phosphate con- 
centration between 0-7 mm and 0-7 had no effect 
on lysis. 

The effect of lysine on the growth and lysis of 
these two mutants was investigated in some detail. 
In the presence of optimum concentrations of 
diaminopimelic acid (50 um), the mass of growth of 
mutant 173-25 was raised by increasing concentra- 
tions of lysine and there was no lysis (Fig. 2). These 
results show the marked difference in this mutant 
between its absolute requirement for diamino- 
pimelic acid and its relative requirement for lysine, 
since shortage of diaminopimelic acid in the 
presence of excess of lysine caused lysis, whereas 
shortage of lysine in the presence of excess of 
diaminopimelic acid did not. The growth cf mutant 
D was not affected by the addition of lysine to the 
medium (Table 1). At lower concentrations of 
diaminopimelic acid (below 20yuM), where lysis 
occurred, variations in lysine concentration from 
50 to 500 um had no effect on the growth or lysis of 
either mutant; at concentrations of lysine below 
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Fig. 3. Effect of L-lysine (100 um) on response of EZ. coli D 
to mesodiaminopimelic acid. Methods as in Fig. 1. 
mesoDiaminopimelic acid concentration (um): O, 40; 
x, 20; @, 10; A, 5; A, 2-5. 
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50 »M and with these low concentrations of diamino- 
pimelic acid, growth of mutant 173-25 was too poor 
to be followed photometrically. The growth of 


ae 
1957 


mutant D could be followed in various concentra- | 


tions of diaminopimelic acid both with and without 
lysine. Here there was no lysis in the absence of 
lysine or in concentrations below 50 uM; above this 
level lysis occurred, although the initial growth rate 
was unchanged (Fig. 3). Thus the presence of lysine 
was proved to be an essential factor in lysis. 

Effect of diaminopimelic acid isomers and ana- 
logues on growth. The growth characteristics of the 
mutants were unchanged by replacing mesodiamino- 
pimelic acid by the Lu-isomer. pp-Diaminopimelic 
acid did not support growth. Various samples of 
synthetic diaminopimelic acid produced the same 
effects (lysis or growth) as the meso-isomer except 


' 


that concentrations 1-2—2 times higher were re- | 


quired. This variability of activity was probably 
due to differences between the samples in the 
relative proportions of the isomers, caused by their 
differential solubilities. 

Lanthionine was incapable of replacing diamino- 
pimelic acid for growth in the presence of lysine. In 
the absence of lysine, lanthionine inhibited growth 
of both mutants; in the presence of optimum con- 
centrations of both lysine and diaminopimelic acid 
it had no effect (Table 1). In suboptimum concen- 
trations of diaminopimelic acid and 100 uMm-lysine 
(the conditions found to produce lysis), lanthionine 
10 um prevented lysis, though it had no effect on 
the lag period or growth rate of either mutant. 


— 


Fig. 4 B shows the effect of lanthionine on the growth | 


and lysis of mutant 173-25. Similar results were 
obtained with mutant D. Nisin was also tested for 
its effect on growth; even at the highest concentra- 
tion used (3000 units or 0-1 mg./ml.) it had no effect 
on growth or lysis in the presence or absence of 
lysine. 

Cystine did not replace diaminopimelic acid. It 
inhibited the growth of mutant 173-25 on lysine and 
diaminopimelic acid and of mutant D on diamino- 
pimelic acid with or without lysine. Its effects were 
investigated in more detail with mutant D, where 
good growth without lysis took place in the absence 
of lysine. The inhibition of growth by cystine was 
competitive, being overcome by increasing the 
diaminopimelic acid concentration (Fig. 5). Cysta- 
thionine, diaminosebacic acid, diaminoadipic acid, 
diaminosuccinie acid, diaminosuberic acid, 2:6- 
piperidinedicarboxylic acid, dipicolinic acid and 
ae-diamino-xe-dimethylpimelic acid (all mm) and 
0-1 mM-ae-diamino-8-hydroxypimelic acid (isomers 
A and B, Stewart & Woolley, 1956) were incapable 
of supporting the growth of either mutant in the 
absence of diaminopimelic acid, whether or not 
lysine was present. None of these substances 


prevented lysis or inhibited growth. 
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Fig. 4. Effect of lanthionine and tetralysine on response of FE. coli 173-25 to mesodiaminopimelic acid in the presence of 
L-lysine (100 um). Methods as in Fig. 1. mesoDiaminopimelic acid concentration (uM): O, 40; x, 20; @, 10; A, 5. 
A, No further additions; B, plus lanthionine (10m); C, plus tetralysine (100 um). 
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Fig. 5. Competitive inhibition by cystine of growth of 
E. coli D in the presence of various concentrations of 
mesodiaminopimelic acid. Incubation for 18 hr.; other 
conditions were as in’ Fig. 1. Cystine concentration 
(uM): (a) 0; (b) 25; (c) 50; (d) 100. 


Further growth requirements. In order to investi- 
gate further the suitability of mutants 173-25 and 
D for the microbiological assay of diaminopimelic 
acid, a large number of naturally occurring sub- 
stances were tested for effects on growth in the 
presence of optimum (100yM) or suboptimum 


(10M) concentrations of diaminopimelic acid. 
None of the following compounds had any effect 
in concentrations up to those shown: Vitamins: 
thiamine, riboflavin, pteroylglutamic acid, pyri- 
doxal phosphate, pantothenate, nicotinamide, 
biotin and inositol (all 10 um) ; leucovorin, riboflavin 
phosphate and vitamin B,, (uM); pyridoxine and 
p-aminobenzoic acid (100uM). Purines and pyri- 
midines: xanthine, adenine, guanine, uracil, hypo- 
xanthine, uridine, thymine and _ thymidine 
(100 uM); 6-methylaminopurine (10mm). Other 
growth factors: orotic acid (100uM); glutamine, 
cholesterol and shikimic acid (mm); p-hydroxy- 
benzoic acid and glutathione (10mm); biocytin 
(10 »g./ml.). 

Commercial acid hydrolysate of casein (Difco 
vitamin-free) markedly increased the growth and 
decreased the lag phase to 2 hr. in both optimum 
and suboptimum concentrations of diaminopimelic 
acid (in the latter lysis did not occur). This growth 
stimulation was investigated in more detail for 
mutant D (Table 2), since the absence of lysis in low 
concentrations of diaminopimelic acid had sug- 
gested that the organism might prove more useful 
than mutant 173-25 for microbiological assay. The 
absolute requirement for diaminopimelic acid was 
not eliminated by casein hydrolysate (5 mg./ml.) 
although the minimum amount necessary for 
growth was lowered approximately tenfold. Sub- 
stitution of casein hydrolysate by a mixture of pure 
L-amino acids (Block & Bolling, 1945) did not 
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produce growth stimulation. Other samples of 
casein were examined and showed varying degrees 
of growth stimulation; in every case acid hydro- 
lysates were more active than the unhydrolysed 
easeins. No activity was given by hydrolysates of 
several samples of goat casein and also of a pure 
sample of cow «-casein. The possible effect of trace 
metals was eliminated by the finding that ashed 
Difco casein hydrolysate was inactive. The differ- 
Table 2. Effect of Difco casein acid hydrolysate (CH) 

on the growth of E. coli D for 18 hr. in minimal 


medium containing mesodiaminopimelic acid 
DAP , 
( Turbidity 
DAP CH corrected 
(uM) (ug./ml.) at 675 mp 
100 5000 440 
100 500 300 
100 50 270 
100 0 260 
10 5000 150 
10 500 80 
10 50 20 
10 0 25 
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Fig. 6. Bioautography of E.coli D. Minimal-medium agar, 


containing synthetic diaminopimelic acid (ym) and 
2:3:5-triphenyltetrazolium chloride (0-1%), was seeded 
with an 18 hr. washed culture of mutant D. Chromato- 
gram (Whatman no. 1) was irrigated overnight with 
methanol-ammonia (sp.gr. 0-880)—-water (200:10:20), 
dried for 6 hr. and laid on the agar plate for 20 min. The 
plate was incubated for 18 hr. at 37°. Materials were 
applied at the following positions: A and E, synthetic 
diaminopimelic acid (4 wg.); B and F, Difco casein hydro- 
lysate (125yug.); C and G, L-lysine (4yg.); D, casein 
hydrolysate (125yug.)+diaminopimelic acid (4 yg.) +L- 
lysine (4ug.). Spots E, F and G were controls and were 


not irrigated in the solvent. Solid spots indicate areas of 
growth (red colour); open spots indicate areas of lysis 
(clearing). 


P. MEADOW, D. S. HOARE AND E. WORK 


1957 
ence in activities between various caseins might have 
been due to the formation of amino acid—sugar 
complexes during the time between milking and 
preparation of the caseins. Accordingly, samples of 
casein were prepared from cow’s and goat’s milk 
which had either stood 24 hr. at room temperature 
or had been obtained freshly from the same animals. 
After hydrolysis, the caseins from the two samples of 
cow’s milk were identical in their growth-promoting 
activities, whereas the goat samples were both 
inactive. 

These experiments were complicated by the very 
high reversion rate of mutant D to amino acid inde- 
pendence in the presence of casein hydrolysate. All 
tubes were set up in quadruplicate and even then 
there was occasionally reversion in all tubes. The 
factor causing growth stimulation was therefore 
investigated, using solid media (where reversion 
was easier to detect) and paper chromatography 
followed by bioautography on seeded-agar plates. 
Since Difco casein hydrolysate was the most active 
of the samples tested, this mixture was chosen for 
further investigation. The following chromato- 
graphic solvents were tested (figures in parentheses 
indicate parts by volume) : n-butanol—water (90: 10, 
80:20, 60:40); n-butanol-ammonia (sp.gr. 0°880) 
(90:10); n-butanol—acetic acid (70:30); ethanol- 
ammonia (sp.gr. 0-880)—water (200: 10:20); meth- 
anol-ammonia (sp.gr. 0-880)—-water (200:10:20, 
100: 10:20, 100: 40:20) ; methanol—water—10 n-HCl- 
pyridine (80: 17-5: 2-5: 10); tert.-butanol—water 
(70:30); 2:6-lutidine-water (5:3-5); propan-1-ol- 
water (40:10); methyl cellosolve (2-ethoxymeth- 
anol)-10N-HCl (100:1). Areas of growth (red 
colour) due to diaminopimelic acid were approxi- 
mately the same size whether or not the chromato- 
graphy paper had been irrigated, and lysine caused 
lysis both before and after irrigation. The effect of 
casein hydrolysate, however, was different in the 
control (unirrigated) and the irrigated strips from 
all solvents. The control spots showed an inner area 
of growth stimulation (red colour) as well as an 
outer ring of lysis (clearing), but after irrigation 
the growth-stimulating effect disappeared, leaving 
only a lysis zone in the position of lysine (Fig. 6). It 
seemed likely therefore that the growth stimulation 
was due to several factors which separated on paper 
chromatography and thereby lost their activity. 
Since hydrolysed pure «-casein was inactive, it is 
possible that the active complex originated from 
substances absorbed on the casein and subsequently 
removed in varying amounts according to the 
method of preparation and purification. No further 
attempt was made to identify the factors involved 
in this growth-promoting effect. 

Effect of isomers and analogues of lysine on growth 
and lysis. p-Lysine showed approximately 20 % of 
the activity of L-lysine in all the systems tested. Its 
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effect on the growth of mutant 173-25 in the presence 
of optimum concentrations of diaminopimelic acid 
and on growth of the lysine-requiring mutant 26-26 
in minimal medium are shown in Table 3. With both 
isomers present their effects were additive. In the 
presence of D-lysine and suboptimum concentrations 


Table 3. Effect of L- and p-lysine on growth of E. coli 
26-26 and E. coli 173-25 for 18 hr. in minimal 


medium 


— Indicates that no figures are available. 


L- Lysine p- Lysine a —_ . 
(uM) (uM) 26-26 173-25* 
0 0 0 95 
10 0 0 100 
50 0 30 120 

100 0 75 240 
200 0 150 244 
400 0 180 244 

0 50 0 110 

0 250 25 180 

0 500 70 236 

0 1000 154 240 

0 2000 175 240 

50 50 - 160 

50 250 - 230 

50 500 ~ 240 
100 250 95 - 
100 500 150 ~ 
100 1000 185 - 


* mesoDiaminopimelic acid (0-1 mm) was present in the 


medium. 


Turbidity corrected 


at 675 mp 
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of diaminopimelic acid, both mutants 173-25 and 
D grew and lysed as in the presence of L-lysine, 
except that the minimum concentration of D- 
lysine (300 um) causing lysis was approximately five 
times higher than that of L-lysine. 

Fig. 7 compares the effect of L-lysine and its w- 
and «a-N-acetyl derivatives on the growth of the 
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Fig. 7. Response of E. coli 26-26 to L-lysine and to N- 
acetyl-lysines. Incubation was for 18 hr. Other methods 
were as in Fig. 1. @, L-Lysine; O, «-N-acetyl-L-lysine; 

A...A, w-N-acetyl-L-lysine. 
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Fig. 8. Response of E£. coli 173-25 to various concentrations of mesodiaminopimelic acid in the presence of «-N-acetyl- 
L-lysine (100 um) with and without L-lysine (100 um). Methods were as in Fig.1. Concentration of mesodiaminopimelic 
. ™ ‘ 
acid (uM): O, 40; x, 20; @, 10; A, 5. 





Table 4. Concentrations of polylysines required to inhibit 18 hr. growth of E. coli 
in minimal medium containing appropriate supplements 


E. coli 9637 was tested in unsupplemented minimal medium. Amino acids (100 um) present as supplements for the £. 
coli mutants examined were: mutant D, mesodiaminopimelic acid; mutant 26-26, L-lysine; mutant 173-25, mesodiamino- 
pimelic acid and L-lysine. Figures represent lowest concentration of polylysines (yg./ml.) which inhibited growth. DP: 
Degree of polymerization, i.e. number of lysine molecules/molecule of polylysine. 


Polylysine 9637 
Dilysine HCl >500 
Trilysine HCl >500 
Tetralysine HBr* 240 
Polylysine HBr* (DP 32) 60 
Polylysine HBr* (DP 200) 60 


* Control tubes containing equivalent amounts of NaBr showed no inhibition. 


lysine-requiring mutant 26-26. Lysine and a-N- 
acetyl-lysine showed equal activity, mole for mole, 
but «-acetyl-lysine was inactive. This replacement 
of lysine by a-N-acetyl-lysine was not due to 
removal of the acetyl group during autoclaving 
since sterilization by filtration had no effect on 
growth-promoting activity. «-N-Acetyl-lysine also 
replaced lysine in enhancing the growth of mutant 
173-25 in the presence of optimum concentrations of 
diaminopimelic acid, whereas w-acetyl-lysine had 
no such activity. The effect of these substances on 
the growth of mutants 173-25 and D in suboptimum 
concentrations of diaminopimelic acid was also 
investigated. «-N-Acetyl-lysine did not prevent the 
lysis caused by lysine but, when it was substituted 
for lysine, there was no lysis (Fig. 8) even though, in 
mutant 173-25, growth was stimulated. w-Acetyl- 
lysine (100 uM) had no effect either on growth or 
lysis. 

Cadaverine, ornithine, e-hydroxy-«-aminocaproic 
acid, 2-(4’-piperidyl)-1-aminopropionic acid (Harris 
& Work, 1950) and S-(f-aminoethyl)cysteine 
(Lindley, 1956), all 0-01-l1 mm, had no effect, 
whether in replacing lysine for growth, in causing or 
preventing lysis, or in inhibiting growth for any of 
the mutants. Cystine and lanthionine (mm) did not 
affect growth of mutant 26-26. 

Di-, tri-, tetra- and poly-lysines did not replace 
lysine for the growth of the lysine-requiring mutants 
and were inhibitory towards both the parent strain 
and all three mutants (Table 4). The inhibitory 
activity was related to the degree of polymerization, 
the most highly polymerized form was the most 
active. The lysine-requiring mutants were more 
sensitive than the parent strain or mutant D. The 
effect of subinhibitory concentrations of these poly- 
lysines on growth of 173-25 and D in the presence of 
suboptimum concentrations of diaminopimelic acid 
was tested. They caused an increased lag period and 
less total growth but they did not prevent lysis, as 
shown in Fig. 4C, where the organisms used were 
the more sensitive mutant 173-25. 
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E. coli strain 


A 





ee ey 
D 26-26 173-25 
>500 50 50 
>500 35 40 
200 20 20 
60 6 6 
60 7 6 } 


Table 5. Enzyme activities of E. coli 


Cells were grown as described in Methods and tested as 
acetone-dried powders. Decarboxylase tests were carried 
out in the Warburg apparatus: cells (40 mg.) were sus- | 
pended in 2-5 ml. of 0-1m-phosphate buffer [pH 5-5 for 
lysine, pH 6-8 for diaminopimelic acid (DAP)]. Substrates: 
L-lysine hydrochloride (6 mg.) or mesodiaminopimelic acid 
(2 mg.); atmosphere, air; temperature, 37°. Qco,; pl. of 
CO,/mg./hr. Racemase test was by paper chromatography. 
Cells (3 mg.) were shaken at 37° with meso- or ~tL-DAP 
(0-3 mg. in 0-15 ml. of water) in 0-1m-borate buffer, pH 8-5 
(0-3 ml. containing 30yug. of streptomycin). Samples 
(0-1 ml.) were removed at 30, 60 and 120 min., depro- 
teinized with ethanol (0-2 ml.) and centrifuged: super- 
natants (0-1 ml.) were applied to Whatman no. 1 paper, 
which was irrigated overnight with methanol—water- 
10Nn-HCl-pyridine (80:17-5:2-5:10). Spots developed with | 
ninhydrin in acetone (0-1%) at 100° for 2 min. Racemiza- | 
tion was shown by equal concentrations of LL- and meso- | 
DAP present in reaction mixture: ++, after 1 hr., 
+, after 2 hr. 











Decarboxylase 
activities (Qco,) I 
CS ge . DAP 
E. coli Lysine DAP racemase 
9637 4-4 4-2 + 
173-25 4:3 52 + 


inzyme activities 

The activities of diaminopimelic acid and lysine 
decarboxylases and of diaminopimelic acid race- 
mase of acetone-dried cells of mutants 173-25, D 
and of the parent strain (9637) were determined 
(Table 5). The mutants had similar diaminopimelic 
acid decarboxylase and racemase activities, which 
were higher than those of the parent strain. The 
lysine decarboxylase activities of the three strains 
were identical. 


Cell-wall composition 


The composition of purified cell-wall prepara- 
tions (Cummins & Harris, 1956a) from errs 
dried cells grown as for enzyme tests were kindly | 
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determined for us by Dr C. 8. Cummins and Dr H. 
Harris (London Hospital). The amino acid and 
sugar components of the cell walls of the two 
diaminopimelic acid-requiring mutants and of the 
parent strain were found to be indistinguishable by 
paper chromatography. The cell walls contained 
diaminopimelic acid, aspartic acid, glutamic acid, 
alanine, leucine and isoleucine in approximately 
equal amounts, together with slightly smaller 
amounts of lysine, threonine, serine, arginine, 
valine and tyrosine, and traces of proline and 
methionine. The sugars present in each were glucose, 
galactose, glucosamine and the ‘unknown hexos- 
amine’ (Strange & Powell, 1954; Strange, 1956). 


Further studies on lysis 


In order to determine whether true lysis was 
responsible for the decrease in turbidity, the cultures 
were examined by electron and phase-contrast 
microscopy. Recently, Lederberg (1956) reported 
that addition of penicillin (1500 units/ml.) to 
heavy suspensions of H. coli B growing in nutrient 
media caused protoplast formation. The effects on 
the mutants of penicillin and of our lysogenic 
conditions were therefore compared. 

Microscopy. Tubes originally containing 50 and 
20 »m-diaminopimelic acid were removed 12 hr. 
after inoculation, and the bacterial debris was con- 
centrated by centrifuging at 4°. Electron micro- 
photographs of the debris showed that, in the tubes 
in which lysis had occurred, about 25 % of the cells 
appeared to have lost their protoplasmic contents 
and the cell wall was left as a shell. In samples from 
the control tube (50 M-diaminopimelic acid) no 
abnormal cells were observed. Phase-contrast 
microscopy was used to watch the cultures during 
lysis, droplets of inoculated media being suspended 
in liquid paraffin at 34°. In the media containing 
20 umM-diaminopimelic acid or less, the cells grew 
and divided normally for 2 or 3 hr. and then showed 
abnormal behaviour. Some apparently normal 
motile rods remained capable of dividing whereas 
others formed spherical bodies with diameters 
approximately twice those of the rods. Some of 
these sperical bodies, which resembled the proto- 
plasts obtained from LH. coli by Zinder & Arndt 
(1956), subsequently lysed, leaving an approxi- 
mately circular ‘ghost’ of the same size. Particulate 
debris was also seen. In the control drops (50 um- 
diaminopimelic acid) the rods grew and divided for 
14 hr. and no spherical bodies or particulate debris 
appeared. 

Penicillin effect. Sensitivity tests in minimal 
medium with the necessary amino acid additions for 
the mutant concerned showed that the parent 
strain and the mutants were all inhibited by the 
same concentration of penicillin (4 units/mi.). By 
the use of heavy inocula described in Methods 
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growth with and without addition of penicillin 
(100 units/ml.) before inoculation was followed 
turbidimetrically for 6 hr. after inoculation. The 
three mutants, 173-25, D and 26-26, and the parent 
strain, HL. coli 9637, behaved identically. Without 
penicillin turbidity increased logarithmically for 
about 4 hr. and then levelled off. In the presence of 
penicillin, turbidity increased for about 2 hr. and 
then decreased logarithmically. This lytic effect of 
penicillin was not altered by the presence of lysine 
and diaminopimelic acid (mm) during growth or by 
their addition during lysis. 


DISCUSSION 


The lysis of the two diaminopimelic acid-requiring 
£. coli mutants (173-25 and D) in limiting concentra- 
tions of diaminopimelic acid might be a similar 
type of phenomenon to that observed by Toennies & 
Gallant (19496) in the lysine-requiring organism 
Streptococcus faecalis. This organism lysed in the 
logarithmic phase of growth after lysine had been 
exhausted from a medium of high phosphate 
content. The EH. coli mutants lysed when the di- 
aminopimelic acid had disappeared from a medium 
containing lysine; phosphate concentration was not 
critical. That lysine itself had a lytic effect was 
shown clearly in experiments with mutant D, 
which does not require lysine for growth; lysis was 
dependent on the presence of lysine but not on its 
concentration. In mutant 173-25, where lysine 
stimulated growth, «-N-acetyl-L-lysine replaced 
L-lysine as a growth factor but did not cause lysis. 

These lytic phenomena should be considered in 
conjunction with the present state of knowledge 
of the bacterial cell wall. In the Gram-positive 
bacteria the amino acid composition of the cell walls 
is relatively simple (Cummins & Harris, 1956a, b). 
Diaminopimelic acid is a constituent, except in 
most cocci (including S. faecalis) and lactobacilli, 
where it is replaced by lysine. Other major amino 
acid constituents are invariably alanine and 
glutamic acid with sometimes aspartic acid and 
glycine. Walls of fewer Gram-negative organisms 
have been examined but those of H. coli contain 
a much more complicated amino acid mixture, 
including both diaminopimelic acid and _ lysine 
(Salton, 1953a; C. S. Cummins & H. Harris, private 
communication). In media of high osmotic pressure 
the wall can be removed without impairment of 
many synthetic functions of the organism (Weibull, 
1953; Salton, 19536; McQuillen, 1956; Lederberg, 
1956; Zinder & Arndt, 1956; Mitchell & Moyle, 
1956). The resultant spherical body is known as a 
‘protoplast’; on reduction of osmotic pressure it 
lyses, leaving an empty case or ‘ghost’ and small 
granules. In cultures growing in normal media, 
lysis, observed by a continued decrease in turbidity, 
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could be due to the successive or simultaneous 
combination of two events: first the formation of 
protoplasts, either through failure to form new cell 
wall or through dissolution of already existing 
wall; second, lysis of the protoplasts. 

Inthe experiments in which lysis occurred in E. coli 
and S. faecalis, the limiting essential metabolite was 
a cell-wall constituent and was exhausted from the 
medium at the beginning of lysis. The possibility 
that E. coli lysed through protoplast formation is 
suggested by the following observations. Broken 
cell-wall envelopes were revealed by electron 
microscopy of the debris after lysis: the formation 
and subsequent disintegration of circular bodies 
during lysis was seen under the phase-contrast 
microscope. Decreases in turbidity were also 
caused by addition of penicillin to heavy suspen- 
sions of logarithmically growing cultures. Such 
treatment of H. coli B in the presence of sucrose 
(20 %, w/v) is known (Lederberg, 1956) to produce 
stable protoplasts. 

It is therefore possible that, in EL. coli, a shortage 
of diaminopimelic acid may have resulted in failure 
to lay down new cell wall at the point of division. 
This could result in either complete disintegration 
of the cell or escape of the protoplast from the 
fractured enclosing cell wall; the unsuitable 
osmotic conditions would then cause rupture of the 
protoplast and lysis would occur. If this were the 
cause of lysis, it is difficult to account for the 
absence of lysis during growth of the lysine- 
requiring LE. coli 26-26. A deficiency of lysine might 
have been expected to prevent cell-wall formation 
in E. coli, as it may have done in S. faecalis. Under 
these conditions EH. coli 26-26 accumulates and 
excretes large amounts of diaminopimelic acid 
(Davis, 1952), and it is possible that this excess 
of diaminopimelic acid prevented lysis; in the 
diaminopimelic acid-requiring mutants lysis was 
prevented by increasing diaminopimelic acid con- 
centration. The contributive effect of lysine in the 
lysis of E. coli and the prevention of lysis by 
lanthionine have not been explained. Neither 
lysine nor lanthionine spared diaminopimelic acid 
as a growth factor and these are therefore unlikely 
to have been incorporated into the cell wall in its 
place. Examination of the cell-wall composition of 
cells grown under conditions giving rise to lysis has 
not been possible owing to poor growth. When 
grown in optimum concentrations of diaminopimelic 
acid, both the diaminopimelic acid-requiring 
mutants and the parent strain had similar cell walls. 
The complete inactivity of S-(B-aminoethyl)- 


cysteine [H,N - CH, +S - CH, - CH(NH,) - CO,H] for 
any of the mutants is surprising. As the mono- 
sulphur analogue of lysine it might have been 
expected to interfere in growth or lysis, especially 
as lanthionine interfered with both the growth- 
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promoting effect of diaminopimelic acid and the 
lytic effect of lysine. 

The lysis of mutant 173-25 during growth in the 
presence of lysine might explain some of the 
quantitative differences between our results and 
those of Davis (1952). The inactivity of D-lysine in 
replacing L-lysine for growth, reported by Davis, 
may have been due to his use of insufficient quanti- 
ties of p-lysine. Both samples of D-lysine were 
obtained from the same source and were free from 
traces of L-isomer (Birnbaum, Levintow, Kingsley & 
Greenstein, 1952). Our results with lanthionine 
differ substantially from those of Seibert et al. 
(1954), who concluded that lanthionine could 
replace diaminopimelic acid for growth of mutant 
173-25. These authors used bioautography with 
solvent systems which did not differentiate between 
diaminopimelic acid and lanthionine, so it is 
possible that their conclusions were based on pre- 
vention of lysis rather than stimulation of growth. 

Cystine, like lanthionine, inhibited growth of 
both diaminopimelic acid-requiring mutants in the 
absence of lysine. With mutant D inhibition by 
cystine was strictly competitive and the molar 
ratios for complete inhibition were about two of 
cystine to one of diaminopimelic acid. As cystine 
had no effect on diaminopimelic acid decarboxylase 
(Dewey et al. 1954) the reaction inhibited is probably 
not that of decarboxylation to lysine. 

Since the diaminopimelic acid requirements of 
mutants 173-25 and D were absolutely specific, the 
possibility of the use of these mutants for the 
microbiological assay of diaminopimelic acid was 
entertained. The only substance so far reported to 
replace diaminopimelic acid for mutant 173-25 is 
B-hydroxydiaminopimelic acid (Gilvarg, 1956). On 
solid media and under carefully controlled conditions 
C. Gilvarg (personal communication) has shown 
that isomer A (Stewart & Woolley, 1956) is active in 
this respect. We have confirmed these results under 
the same conditions but the inactivity of this p- 
hydroxy derivative in liquid media suggests that it 
does not entirely replace diaminopimelic acid. 
Mutant 173-25 was unsuitable for assay because of 
lysis at low concentrations of diaminopimelic acid. 
Even with mutant D, where there was a straight- 
line relationship between diaminopimelic acid con- 
centration and turbidity, this relationship was 
altered by lysine, which caused lysis, and by casein 
hydrolysate which increased growth. Since casein 
hydrolysate also prevented lysis, it was thought that 
turbidimetric assay in its presence might prove 
possible, but the rate of reversion was too high to 
give reliable results. It must be concluded that 
turbidimetric estimation of the growth of neither 
mutant in liquid media can be used for assay of 
diaminopimelic acid in materials containing lysine 
and other amino acids. L. E. Rhuland (private 
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communication) reports that bioautography or 
plate-diffusion assays can be used; our work on 
bioautography also shows that it could be adapted 
for assay purposes. 

It was hoped that comparison of the action of the 
meso- and LL-isomers of diaminopimelic acid on 
growth of the mutants might give some indication 
of the order in which the isomers are synthesized by 
E. coli. However, they were found to be identical in 
all respects, as was previously found on solid media 
(Hoare & Work, 1955). This equivalence is probably 
due to rapid interconversion of the isomers by the 
enzyme diaminopimelic acid racemase (Antia et al. 
1957). 

The experiments with lysine derivatives provide 
further evidence that the lysine metabolism of 
bacteria is different from that of other species. In 
contrast with the results in rats (Neuberger & 
Sanger, 1944), «-N-acetyl-L-lysine replaced L- 
lysine for growth, whereas w-acetyl-L-lysine was 
inactive. The effect of the «-acetyl derivative on 
lysis of the diaminopimelic acid-requiring mutants 
suggests that it was not converted into lysine 
before use. When both lysine and «-N-acetyl-lysine 
were present, lysine was apparently used pre- 
ferentially and then caused lysis, but when lysine 
was replaced by the x-acetyl derivative lysis did not 
occur, although growth was stimulated. Although 
e-hydroxy-x-aminocaproic acid can either sub- 
stitute for lysine or inhibit growth in certain 
neurospora mutants (Good et al. 1950), it did not 
interfere in the growth or lysis of E. coli. Davis 
(1952) showed that «-aminoadipic acid, known to be 
involved as a growth factor rather than as an in- 
hibitor in lysine metabolism in other species (Work, 
1955), had no effect on mutants 173-25 and 26-26. 
p-Lysine, although less active than L-lysine, 
completely replaced it for growth or lysis of H. coli. 
Certain neurospora mutants are reported to utilize 
D-lysine, but their lysine requirements were not 
completely satisfied by it (Schweet et al. 1954). 

The antibacterial polylysines were most active 
against the lysine-requiring mutants. The increased 
susceptibility of mutant 173-25 over that of mutant 
D supports the view that the partial lysine require- 
ment of mutant 173-25 is due to failure of a bio- 
synthetic mechanism, rather than to a secondary 
effect due to partial inhibition by a metabolite 
accumulated before the genetic block, as suggested 
by Davis (1952). The lysine requirement of mutant 
173-25 is difficult to explain if the only pathway of 
lysine formation is assumed to be through de- 
carboxylation of diaminopimelic acid. Training the 
mutant to dispense with lysine did not alter either 
the requirement for diaminopimelic acid or the 
activity of its decarboxylase, and the resulting 
mutant D was identical in these respects with 
mutant 173-25. Evidently the training process did 
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not increase the rate of lysine production from 
diaminopimelic acid, but stimulated an alternative 
route of lysine biosynthesis. 


SUMMARY 


1. The logarithmic growth rate of the diamino- 
pimelic acid-requiring Escherichia coli mutants 
173-25 and D in a salts—-glucose medium containing 
lysine was independent of the concentration of 
added diaminopimelic acid. At concentrations 
below 20M lysis occurred during the logarithmic 
phase after exhaustion of diaminopimelic acid from 
the medium. Mutant D, in contrast with mutant 
173-25, had no requirement for lysine; in the 
absence of lysine it did not lyse. 

2. During the period of lysis, phase-contrast 
microscopy showed the appearance of spherical 
bodies which later lysed. Electron micrographs 
after lysis showed cell envelopes which had lost 
their protoplasmic contents. 

3. Lysis was observed during the logarithmic 
growth phase of all strains of EZ. coli examined 
grown in the presence of penicillin. Lysine and 
diaminopimelic acid had no effect on this lysis. 

4. pp-Diaminopimelic acid, cystine, lanthionine 
and several straight-chain diaminodicarboxylic 
acids did not act as growth factors for the diamino- 
pimelic acid-requiring mutants. Lanthionine pre- 
vented lysis in the presence of lysine and inhibited 
growth in its absence. Nisin had no such effect. 
Cystine inhibited growth, the inhibition being 
overcome competitively by increasing concentra- 
tions of diaminopimelic acid. 

5. The lysine requirements of mutants 173-25 
and 26-26 were satisfied by «-N-acetyl-lysine but 
not by w-acetyl-lysine. «-N-Acetyl-lysine did not 
produce lysis of mutants 173-25 and D when it 
replaced lysine. e-Hydroxy-x-aminocaproic acid 
and S-(8-aminoethyl)cysteine had no effect on 
growth or lysis. p-Lysine produced all the effects of 
L-lysine when present in concentrations five times 
higher. Polylysines did not affect lysis but they 
inhibited growth, the lysine-requiring mutants 
26-26 and 173-25 being more sensitive than the 
parent strain or mutant D. 

6. Mutant D, which was derived from mutant 
173-25 by training it to dispense with lysine, 
resembled mutant 173-25 in its diaminopimelic acid 
requirements and in its diaminopimelic acid de- 
carboxylase activity. The cell walls of the two 
mutants were indistinguishable from each other and 
from the parent wild strain, all containing rather 
more diaminopimelic acid than lysine. 

7. Hydrolysates of certain caseins stimulated 
the growth of the diaminopimelic acid-requiring 
mutants. The factors responsible could not be 
identified. 





282 


8. It is suggested that the lysis of the diamino- 
pimelic acid-requiring mutants in the presence of 
lysine and suboptimum concentrations of diamino- 
pimelic acid was due partly to the shortage of 
diaminopimelic acid, which is an essential cell-wall 
constituent. This would result in failure to synthe- 
size cell wall, causing either protoplast formation or 
complete disintegration of the cell. 
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The Reduction of Quinic Acid to Dihydroshikimic Acid 
by Certain Lactic Acid Bacteria 


By J. G. CARR, A. POLLARD, G. C. WHITING anp A. H. WILLIAMS 
Research Station, Long Ashton, Bristol 


(Received 13 July 1956) 


Phillips, Pollard & Whiting (1956) showed that the 
amount of quinic acid present in juices of English 
cider apples is second only to that of malic acid. In 
addition they showed that in juices fermented by 
the naturally occurring yeasts and bacteria, quinic 
acid was metabolized. Earlier, Carr, Phillips, 
Pollard, Whiting & Williams (1954) isolated from 
cider a heterofermentative Lactobacillus which, 
unlike the type species of L. brevis, L. buchneri, L. 
pastorianus, L. plantarum and L. arabinosus 17-5, 
was able to convert quinic acid into a substance 
tentatively identified as dihydroshikimic acid. The 
isolate from cider was able to carry out this con- 
version either in apple juice or in a semi-synthetic 
medium containing quinic acid. The present 
investigation describes the conversion by this 
organism of both quinic and shikimic acids into 
dihydroshikimice acid and the characterization of 
this compound. 


METHODS 


The organism used was the strain previously isolated from 
cider in the preliminary experiments (Carr ef al. 1954). It has 
been identified as 2 variety of Luctobacillus pastorianus and 
given the epithet quinicus. A full description of its biological 
characteristics will be published elsewhere. 

Two methods were used for studying the metabolism of 
quinic and shikimic acids: (1) inoculation of growing cells 
into a semi-synthetic medium containing quinic acid or 
shikimic acid and (2) addition of washed cells to solutions of 
these substances. Cells for method (1) were initially grown 
in 5ml. portions of apple juice—yeast-extract medium 
(Carr, 1952) at 25° for 72 hr., and centrifuged and suspended 
in an equivalent volume of saline (0-85 %). This suspension 
(0-5 ml.) containing 4 x 10!° organisms/ml. (total count by 
haemocytometer) was then inoculated into 100ml. of 
medium of the following composition (%, w/v) and incu- 
bated in the presence of air without agitation or aeration for 
12 days at 25°: quinic or shikimic acid 0-25 g. Allen and 
Hanbury’s vitamin-free casein hydrolysate 0-5 g.; fructose, 
0-25 g.; Difco yeast extract, 0-4 g.; KH,PO,, 0-055 g.; KCl, 
0-0425 g.; CaCl,, 0-0125g.; MgSO,, 0-0125g.; FeCl, 
0-25 mg.; MnSO,, 0-25 mg. Before inoculation the pH was 
adjusted to 4-2 with dilute HCl and the medium sterilized at 
15 lb./in.? for 15 min. An uninoculated control was treated 
similarly. 

For method (2) cells from 450 ml. of the apple-juice 
medium mentioned above were harvested after growth for 
48 hr. at 25°, and washed twice by dispersion in sterile saline 
followed by centrifuging. The resultant bacterial paste was 


suspended in 4 ml. of sterile 0-02 M-aminotrishydroxymethy] 
methane (tris) buffer, adjusted to pH 7-5 with dilute HCl. 
Equal volumes of this suspension containing 2-5 x 10” 
viable cells/ml. and a 0-004m solution of sterile quinic or 
shikimic acid were mixed in an evacuated Thunberg tube and 
incubated at 25° for 24 hr. A control tube, also containing 
equal volumes of suspension (previously heated at 100° for 
20 min.) and the test substrate, was treated similarly. 

The acids present before and after incubation were in- 
vestigated by paper chromatography with the descending 
technique, on sheets of Whatman no. | paper. All chromato- 
grams were run at room temperature without temperature 
control. The two solvents used were: (1) benzyl alcohol— 
isopropyl alcohol-tert.-butyl alcohol—-water (3:1:1:1, by 
vol.) containing 2% (v/v) of formic acid (Stark, Goodban & 
Owens, 1951), run for 24 hr.; (2) phenol—water (3:1, w/v) 
containing 1% (v/w) of formic acid (Stark et al. 1951), run 
for 30 hr. and allowed to run off the end of the paper. 

After incubation, liquors from both types of experiment 
were centrifuged, and those for paper-chromatographic 
examination with solvent (2) were treated with Amberlite 
IR-120 resin in the hydrogen form; a small volume was 
stirred with 25 % (w/v) of the resin for 5 min. The chromato- 
grams before spraying were examined under ultraviolet light 
for the presence of 5-dehydroshikimic acid, which appears as 
a dark spot (Weiss, Davis & Mingioli, 1953). The following 
spray reagents were used: (1) bromocresol green, 0-08 % in 
ethanol; (2) sodium metaperiodate, followed by sodium 
nitroprusside and piperazine (Cartwright & Roberts, 1955). 
Reagent (2) reacts not only with quinic acid but also with 
shikimic and dihydroshikimic acids (Phillips et al. 1956). 
Shikimic acid appeared more rapidly in the cold than the 
other two acids so, as an additional aid to identification, the 
chromatograms were left at room temperature for 30 min. 
and then heated at 100° for a few minutes until maximum 
intensity was attained. In order to estimate the amounts of 
each acid present a series of standard spots were run on the 
same paper (Phillips ef al. 1956). 

Materials 

Quinic acid was obtained from L. Light and Co. of Poyle, 
Colnbrook, Bucks. Shikimic acid was extracted from the 
carpels of Iilictum verum (B.P.Codex Anisum stellatum) 
(B.D.H. Ltd.). 

RESULTS 
Growing cells 
Cells grown in the presence of quinic acid completely 
metabolized this acid, and dihydroshikimic acid 
appeared in the medium ; the latter acid was isolated 
by the following method. The culture fluid after 
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12 days’ incubation, from which the quinic acid had 
completely disappeared as shown by paper chro- 
matography, was first centrifuged and 200 ml. was 
then passed through a column 50 cm. long, 1-3 em. 
internal diameter, containing 35 g. of Amberlite 
IR-120 resin in the hydrogen form, at the rate of 
1 ml./min. The percolate and water washings (about 
300 ml., continued until neutral to Universal 
Indicator paper) were passed through an identical 
column of Amberlite IRA-400 resin in the acetate 
form at the same rate. After thorough washing with 
CO,-free water, dihydroshikimic acid was obtained 
by fractional elution with 0-1N-acetic acid. 
Fractions (25 ml.) were collected and examined by 
paper chromatography. Dihydroshikimic acid was 
the first acid to appear and was present, chromato- 
graphically pure, in fractions 6-18 inclusive, with 
a broad peak at fractions 9-12. The fractions were 
bulked, concentrated in vacuo (below 40°) and 
finally in a vacuum desiccator over NaOH and 
P,O;. The yield from 0-5 g. of quinic acid was 
0-443 g. of dihydroshikimic acid (96 % theoretical), 
m.p. 132-5-134°. It was characterized as follows: 
crystallized as long prisms from acetone—chloroform 
(1:1); m.p. 135-136° (Found: C, 47-47%; H, 6-73. 
C,H,,0; requires C, 47-70 %; H, 6-82 %). Oxidation 
of the acid, in which 20 mg. was heated with | ml. 
of H,O, (100 vol.) for 3hr. at 115°, yielded tri- 
carballylic acid as main product (Hulme, 1951). 
Optical rotation [x]? — 63°; c 10 in water. The melt- 
ing point and the optical rotation of the acid indi- 
cated that it was not the epidihydroshikimic acid of 
Grewe & Lorenzen (1953), which had m.p. 178—179° 
and [«]?’ — 13-45°. These authors obtained dihydro- 
shikimic acid as a syrup but described the isopro- 
pylidene derivative of the lactone, m.p. 98—-99°. The 
bacterial product gave an isopropylidene derivative 
of the lactone of identical m.p. (Found: C, 60-87 %; 
H, 7-29. C, >H,,O, requires C, 60-59%; H, 7-12 %). 
A mixed melting point of the isopropylidene 
derivative of the lactone with an authentic specimen 
showed no depression, confirming that the bacterial 
product was the dihydroshikimic acid with the same 
structural configuration as (—)-quinic acid. The 
acid formed a lactone on heating above the melting 
point. Sublimation occurred after heating at 
175—-180° at 0-1 mm. pressure. The sublimate on 
cooling formed needle-like crystals, m.p. 129-5— 
130-5°. The lactone, on standing overnight with 
cold dilute NaOH solution, was hydrolysed to the 
acid. 

Cells grown in the presence of shikimic acid 
metabolized this acid completely and gave dihydro- 
shikimic acid (yield 60 % of theoretical) isolated by 
the method described above. Its identity with the 
acid formed from quinic acid was shown by the 
melting point of the acid as compared with that of 
a specimen of the compound formed from quinic 
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acid: a mixed melting point showed no depression. 
The isopropylidene derivative of the lactone also 
showed no depression of the melting point when 
mixed with an authentic specimen. 


Resting cells 


These investigations were carried out with the 
aid of paper chromatography, and solvent (2) in 
conjunction with Cartwright & Roberts’s (1955) 
reagent proved of great value. The R, values and Ry 
values (distance moved relative to quinic acid) were 
as in Table 1. Cells incubated for 24 hr. with quinic 
acid showed a conversion of half the quinic acid into 
shikimic acid and dihydroshikimic acid, in the pro- 
portion of 1:6 as estimated by spot size and in- 
tensity. Cells incubated with shikimic acid yielded 
a trace of quinic acid and a large amount of di- 
hydroshikimic acid, in the proportion 1:10; all the 
shikimic acid was metabolized. Control tubes 
containing quinic or shikimic acid together with 
cells which had been heated for 20 min. at 100° 
showed no change. In these tests approximately 
40-50 % of the quinic and shikimic acids originally 
added gave rise to products as yet unidentified. No 
5-dehydroshikimic acid was detected at pH 7-5 or 
at pH 6-2, where this acid is more stable. 


DISCUSSION 


The results show that certain lactic acid bacteria 
present in ciders possess an enzyme system capable 
of reducing quinic acid to dihydroshikimic acid. 
Both growing cells and resting-cell suspensions 
converted shikimic acid and quinic acid into the 
same end product, namely, dihydroshikimic acid: 
with resting cells there was also some conversion of 
shikimic acid into quinic acid. These results there- 
fore go some way to support the hypothesis of 
Hulme (1951), who suggested a quinic acid- 
shikimic acid—dihydroshikimic acid enzyme system 
analogous to the malic acid—fumaric acid- 
succinic acid system. It is not possible from the 
present results to state whether shikimic acid is an 
intermediate in the conversion of quinic acid into 
dihydroshikimic acid, whether shikimic acid is first 
converted into quinic acid and thence to dihydro- 





Table 1. Chromatographic separation of quinic acid 
and related acids 
Rg values 
(distance 
Ry values moved 
———“——_._ relative to 
Solvent Solvent quinic acid), 


(1) (2) solvent (2) 
Quinic acid 0-22 0-50 1-00 
Shikimic acid 0-42 0-58 1-16 
Dihydroshikimic acid 0-42 0-66 1-32 
5-Dehydroshikimic acid 0-51 0-73 1-46 
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shikimic acid or whether the reduction of the two 
compounds follows separate routes. The results 
show, however, that quinic acid and shikimic acid 
are interconvertible. In the scheme studied by 
Davis (1955) with Escherichia coli mutants it 
appears that quinic acid is not in the direct sequence 
leading from carbohydrate through shikimic acid 
to the aromatic metabolites. In this scheme the 
precursors of shikimic acid are 5-dehydroquinic acid 
and 5-dehydroshikimic acid. In the present tests 
it has not been possible to demonstrate the forma- 
tion of either of the latter two compounds. The 
possible participation of quinic acid in a sequence 
leading to aromatization is, however, not excluded 
since in the wild-type Aerobacter aerogenes quinic 
acid is a precursor of 5-dehydroquinic acid. In the 
lactic acid bacterium investigated there is as yet no 
evidence to suggest the role of shikimic acid as a 
precursor of aromatic amino acids. 


SUMMARY 


1. Growing and resting cells of an organism 
occurring in cider, Lactobacillus pastorianus var. 
quinicus, are capable of converting quinic and 
shikimic acids into dihydroshikimic acid. 
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2. The quinie acid to shikimic acid step is 
reversible. 


The authors are indebted to Professor Wilson Baker, 
F.R.S., and Dr W. D. Ollis for helpful discussions on the 
configuration of dihydroshikimie acid. We also wish to 
thank Dr B. D. Davis and Professor Grewe for gifts of 
5-dehydroshikimie acid and the isopropylidene derivative 
of the lactone of dihydroshikimic acid respectively. 
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Studies on the Carbohydrate Metabolism of Skin 


By C. N. D. CRUICKSHANK, M. D. TROTTER anp J. R. COOPER 
Medical Research Council Unit for Research on the Experimental Pathology of the Skin, 
University of Birmingham 


(Received 10 September 1956) 


One of the classical methods of determining the 
metabolic pathways in a tissue is the investigation 
of the effects of various possible substrates upon the 
oxygen uptake in vitro. This method is open to the 
criticisms that some substances may not adequately 
penetrate the cell membrane (particularly if tissue 
slices are used) and that unknown factors may be 
present in vivo but absent from the in vitro pre- 
paration. Nevertheless, positive findings may be 
regarded as reliable provided that catalytic or 
hormonal effects are excluded. This investigation is 
concerned with the metabolism of glucose and 
fructose and with the effects of various possible 
intermediate metabolites upon the respiration of 
skin slices in vitro. 


MATERIALS AND METHODS 


Oxygen uptake was measured by means of the differential 
capillary respirometer designed by Cruickshank (1954) and 


used for a previous investigation of the glucose and lactic 
acid metabolism of skin (Cruickshank & Trotter, 1956). The 
skin slices were cut free-hand from the dorsum of the guinea- 
pig ear,and, to minimize animal variation, each experiment 
was designed to include its own control and to permit of 
statistical evaluation. The control medium consisted of 
Krebs-Ringer phosphate (Field, 1948) and for experiments 
lasting 24 hr. streptomycin sulphate was added to a final 
concentration of 50 yg./ml. Substrates (either sodium salts 
or free acids) were prepared in solutions ten times more con- 
centrated than required, adjusted to pH 7-4 with NaOH 
where necessary and sterilized by boiling or Seitz filtration. 
The potassium salt of glucose 1-phosphate was used. The 
substrates were added to the basic medium as 10% of the 
final volume to give the required concentration. All experi- 
ments were carried out in an atmosphere of air and at 37°. 
Respiration and hexose utilization rates were expressed in 
relation to wet weight of tissue. 

Glucose analyses were carried out by the method of 
Somogyi (1952) and Nelson (1944), and fructose estimations 
by the method of Roe (1934). Lactate was estimated by the 
method of Barker & Summerson (1941). 
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RESULTS 


Effect of concentration on the metabolism of 
glucose and fructose over 5 hr. 


The effects of various concentrations of glucose on 
oxygen uptake, glucose utilization and lactic acid 
production are shown in Table 1. The concentration 
of glucose does not affect the oxygen uptake within 
the range tested, nor does it greatly affect the 
amount of glucose used except at the lowest concen- 
tration, where utilization is lower. Included in 
Table 1 is the amount of glucose which could 
theoretically be used if all the oxygen uptake was 
consumed in the complete oxidation of hexose. 
While this is unlikely to be wholly true, the measure 
will be useful in examining the possible fate of added 
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hexose. As the respiration is constant it follows that 
the assumed hexose oxidized is constant. The lactic 
acid production behaves similarly to the glucose 
utilization ; the sum of the lactic acid production and 
the calculated amount of glucose oxidized corre- 
sponds roughly with the total glucose utilization. It 
will be seen that the respiration in the presence of 
glucose is some 20% greater than the residualand 
that only a very small amount of lactic: acid was 
found in the absence of substrate. 

The effects of various concentrations of fructose 
are shown in Table 2. In contrast with glucose, the 
oxygen uptake and the fructose utilization increase 


with the concentration of the fructose. Only traces | 


of lactic acid were produced. Assuming the oxygen 
uptake to be used for the oxidation of hexose, there 


Table 1. Effect of concentration of glucose on respiration and glucose utilization of skin slices 


Results are expressed as the mean of four experiments, with standard error of the mean. Incubation was for 5 hr. 


Results refer to moist weight of skin. 





Glucose Glucose* Lactic acid 
Conen. O, uptake utilization oxidized produced 

(mM) (ul./mg./hr.) (pg-/mg./hr.) (ug./mg./hr.) (wg./mg./hr.) 
0 0-84+0-04 — 1-13 0-44+0-18 
0-002 1-10+0-05 2-26 +0-26 1-47 1-19+0-26 
0-005 0-98 +0-08 3-54-+0-20 1-31 2-68 +. 0-06 
0-01 1-00 +0-08 3°84+0-27 1-34 2-52+0-01 
0-02 0-97 +0-06 4-44+.0-30 1-30 2-33+0-10 


* Assuming that O, uptake is utilized entirely for the oxidation of glucose to CO,. 


Table 2. Effect of concentration of fructose on respiration and fructose utilization of skin slices 


Results are expressed as the mean of four experiments, with standard error of the mean. Incubation was for 5 hr. The 
results refer to moist weight of skin. 
Possible* hexose 


Concn. O, uptake Fructose utilized utilization 
(mM) (ul./mg./hr.) (ug./mg./hr.) (yvg./mg./hr.) 
0 0-61+0-12 — 0-82 
0-002 0-81+0-03 0-26 +.0-06 1-09 
0-005 0-88 +.0-05 0-58 +0-10 1-18 
0-01 0-89 +.0-04 0-91+0-10 1-19 
0-02 1-01+0-04 1-87 +0-10 1-35 


* Assuming that O, uptake is utilized entirely for the oxidation of hexose to CO,. 


Results are expressed as the mean of six experiments, with standard error of the mean. Incubation was for 5 hr. The 


Table 3. Effect of glucose on fructose utilization 


results refer to moist weight of skin. 


Glucose Fructose Total hexose Hexose* 
O, uptake utilized utilized utilized oxidized 
(ul./mg./hr.) (ug./mg./hr.) (wg./mg./hr.) (wg./mg./hr.) — (wg./mg./hr.) 

Glucose (0-02m) 0-98 +0-04 4-35+0-37 _- 4:35 1-31 
Fructose (0-02) 1-04+0-06 — 1-65-+0-12 1-65 1-39 
Glucose (0-02) + fructose (0-02) 1-02 +0-05 3-58 1-11+0-08 4-69 + 0-03 1-37 
Glucose (0-02m) 0-92+0-01 3-46+0-11 — 3-46 1-23 
Fructose (0-01 m) 0-94+0-01 - 0-94 +0-03 0-94 1-26 
Glucose (0-02) + fructose (0-01) 1-:00+0-01 3-76 0-67 0-03 443+ 0-44 1-34 
Glucose (0-02m) 1-12+0-15 4-11+40-24 ~ 4-11 1-50 
Fructose (0-005) 1-01+0-03 — 0-42+0-03 0-42 1-35 
Glucose (0-02M) + fructose (0:005m)  1-17+0-03 4-21 0-28 +0-04 4-49 + 0-25 1-57 


* Assuming that O, uptake is utilized entirely for the oxidation of hexose. 
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was insufficient fructose used to account for the 
respiration except at the highest concentration, and 
consequently endogenous substrate must have 
been used. 

Table 3 shows the effects of glucose on fructose 
utilization. In each group of experiments the oxygen 
uptake and hexose utilization of glucose, fructose 
and mixtures of these substances are compared. 
Glucose was used at a concentration of 0-02m 
throughout and fructose was used in concentrations 
of 0-02, 0-01 and 0-005m in the respective groups. 
Whereas the presence of fructose does not appear to 
affect the glucose utilization, the fructose utilization 
in the presence of glucose is reduced by about one- 
third. The total hexose utilization in the presence of 
both substrates is increased, although there is little 
or no increase in the amount oxidized. 


Effect of possible metabolites on respiration 


The respiration of skin slices in media containing 
various possible metabolites was compared with the 
residual respiration of slices from the same animal in 
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Krebs-Ringer phosphate. Each compound was 
tested initially at 0-02Mm-concentration and those 
compounds giving little or no effect were also tested 
at 0-04m-concentration. The experiments were 
carried out over 24 hr. and observations were made 
at 0-1, 4-5 and 22-24hr. (Table 4). During this 
period the mean residual respiration fell from 
0-80 pl./mg./hr. at O-Lhr. to 0-58 pl./mg./hr. at 
4-5 hr. and to 0-26 pl./mg./hr. at 22-24 hr. 
Stimulation of respiration in the first hour was 
caused by fructose, lactate, pyruvate, acetate, 
citrate, succinate and oxaloacetate in concentra- 
tions of 0:02M. In this series of experiments glucose 
produced no initial increase of respiration. Other 
experiments have shown that the immediate effect 
of glucose is variable and often slight. Of the sub- 
stances listed above, the effect of acetate was the 
least; the others produced an increase of 25-30%. 
Glucose 1-phosphate caused a significant decrease 
of respiration. No effect was given by «-oxoglu- 
tarate, fumarate or malate at 0-02 mM-concentration. 
When these three substances were tested in 0-04M- 





Table 4. Effect of added metabolites on the respiration of skin 


Substrate O, uptake 


No. of concen. (0-1 hr.) 
Substrate experiments (mM) (pl./mg./hr.) 
None — — 0-74 
Glucose 8 0-02 0-79 
None — — 0:77 
Fructose 8 0-02 0:97 
None — 0-87 
Glucose 1-phosphate 8 0-02 0-74 
None — — 0-87 
Lactate 8 0-02 1-12 
None — — 0-82 
Pyruvate 8 0-02 1-06 
None — — 0-77 
Acetate 12 0-02 0-84 
None — — 0-70 
Citrate 16 0-02 0-87 
None oes = 0-89 
a-Oxoglutarate 12 0-02 0-89 
None = = 0-82 
a-Oxoglutarate 8 0-04 0-91 
None — — 0-82 
Succinate 8 0-02 1-03 
None — — 0-83 
Fumarate 8 0-02 0-88 
None — — 0-74 
Fumarate 8 0-04 0-93 
None — — 0-77 
Malate S 0-02 0-78 
None me = 0-72 
Malate 8 0-04 0-83 
None ~— — 0-70 
Oxaloacetate 8 0-02 0-93 


O, uptake O, uptake 
(4-5 hr.) (23-24 hr.) 
Diff. (ul./mg./hr.) Diff. (ul./mg./hr.) Diff. 
0-05* a 0-20 bn 0-31 
0-20 ee 0-47 He 0-52 
~0-13 pie 0-04* pe 0-16 
0-25 can 0-53 He 0-89 
0-24 er 0-59 pare 0-56 
0-07 nm 0-15 oa 0-12 
0-17 aan 0-06* ag tC 0-06* 
o* a 0-03" pn 0-04" 
0-03* pip 0-10* re 0-02* 
0-21 — 0-17 pe 0-21 
0-05* eo 0-02* — 0-11* 
0-19 rai 0-12 ee 
a ee ee 
0-11 i 0-08 pens 0-06 
0-23 pa 0-40 oS OC OR 


* These differences are not statistically significant (P >0-05). 
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concentrations, however, fumarate and malate both 
gave rise to stimulation in the first hour. «-Oxo- 
glutarate caused a small but not statistically 
significant rise in respiration. 

Between 4 and 5 hr., the difference in respiration 
between the control skin and that in glucose, 
fructose, lactate, pyruvate, acetate and oxaloacetate 
was greater. With the exception of acetate, which 
caused a small fall in respiration, these substances 
maintained the initial high rate, whereas the respir- 
ation of the control slices had fallen by about 27 %. 

Glucose 1-phosphate, which had caused an initial 
depression, became level with the control between 
4 and 5hr. Succinate still gave rise to increased 
oxygen uptake but at a level lower than in the first 
hour. «-Oxoglutarate, fumarate and malate showed 
no effect at 0-02 M-concentration, but at 0-04™m the 
two latter substances caused increased oxygen 
uptake. The stimulating effect of citrate, apparent 
at 0-1 hr., had decreased by the fifth hr. 

At 24 hr. the outstanding substrates were glucose, 
fructose, lactate and pyruvate, which maintained 
respiration very near the original level. Acetate and 
succinate still gave increased respiratory rates. 
Citrate, «-oxoglutarate and fumarate (0-02M) were 
without effect. Oxaloacetate, which earlier caused 
stimulation, now caused depression, and glucose 
1-phosphate, which had depressed respiration in the 
first hour, now caused slight stimulation. Malate 
(0-02mM), which had no effect in the first 5hr., 
caused increased respiration, as did malate (0-04m) 
and fumarate (0-04). 


DISCUSSION 


The rate of glucose utilization in the present series 
of experiments with Krebs—Ringer phosphate 
medium differs from that previously described 
(Cruickshank & Trotter, 1956), where 50% serum 
was included in the medium. With a glucose concen- 
tration of 0-02m the utilization rate of about 
4 vg./mg./hr. is less than one-half of that found in 
the presence of serum. The lactic acid production is 
similarly reduced, but the oxygen consumption is 
reduced only slightly. In a simple medium the 
amount of glucose oxidized and lactic acid produced 
account for all the glucose used, whereas in the 
presence of serum 10-30% could not be accounted 
for satisfactorily. The effect of serum in increasing 
the glucose utilization of the rat diaphragm has been 
previously observed. This phenomenon has been 
discussed by Randle (1954) and attributed in part to 
the presence of insulin. 

The constant rate of glucose utilization over a 
range of concentrations is consistent with the view 
that the transfer of glucose across the cell membrane 
is actively controlled. The variation of fructose 
utilization with concentration suggests that fructose 
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passes into the cell by simple diffusion. Whereas 
glucose utilization is unaffected by the presence of 
fructose, the amount of fructose used is appreciably 
reduced. In brain tissue, where no specific fructo- 
kinase has been demonstrated, glucose totally 
suppresses fructose utilization (Slein, Cori & Cori, 
1950), but in muscle, where a fructokinase has been 
demonstrated, fructose utilization at a reduced rate 
persists in the presence of glucose (Reynold & Horn, 
1955). It is therefore probable that both gluco- 
kinase and fructokinase exist in skin, a conclusion 
reached on other grounds by Bullough (19545). 

In Tables 1 and 2 we have calculated the theo- 
retical amount of hexose which could be fully 
oxidized by the observed oxygen uptake. Since we 
have shown that glucose and fructose only slightly 
increase the oxygen uptake over the residual level it 
could be further assumed that the oxidation of 
endogenous substrate is inhibited to a certain extent. 
Glucose might conceivably inhibit completely the 
use of endogenous substrate at all concentrations, 
but it is clear that fructose could do so only at the 
highest concentration. While it is likely therefore 
that inhibition of the oxidation of endogenous 
substrate occurs, the extent of this is not determin- 
able in the present series of experiments. 

It has been shown that all the metabolites so far 
tested, with the exception of «-oxoglutarate, have 
some effect on the respiration of skin at some time 
during the 24 hr. of observation. Our experiments 
permit the analysis of two separate properties, the 
ability to cause stimulation, i.e. an increase of 
respiration over the residual respiratory rate during 
the first hour, and the ability to maintain respiration 
over the subsequent period during which the 
respiration falls in the absence of substrate. By 
making observations over the longer period we have 
been able to minimize the difficulties caused by the 
high residual respiration of skin. The only substances 
of those tested which were capable of both stimu- 
lating and maintaining respiration over 24 hr. were 
glucose, fructose, lactate and pyruvate. Of these 
glucose was least effective, and the efficiency of 
lactate in this respect was striking. 

The stimulating effect of glucose, pyruvate, 
lactate and succinate has been described by 
Thompson (1946) and by Barron, Meyer & Miller 
(1948). Our experiments showed that succinate, 
malate and, to a lesser extent, acetate caused 
initial stimulation but failed to prevent a gradual 
fall over the subsequent 24hr. The stimulating 
effects of oxaloacetate and fumarate declined even 
faster. The relative failure of these intermediates 
suggests that some end product of the glycolytic 
process, possibly a two-carbon fragment, is required 
for the adequate maintenance of the oxidative 
eycle for 24hr. It is of interest that Bullough 
(1954a) found that, of a series of substances in- 
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cluding citrate, «-oxoglutarate, succinate, fumarate 
and malate, only glucose, fructose, lactate and 
pyruvate produced maximal mitotic activity over 
4 hr. in mouse-ear skin in vitro. 

The effects of glucose 1-phosphate are difficult to 
interpret without further experiments to determine 
the fate of the compound. 

Barron et al. (1948) and Griesemer & Gould (1954) 
found citrate to have no effect upon skin respiration. 
Barron et al. also failed to demonstrate isocitric 
dehydrogenase in skin and found no stimulation on 
the addition of «-oxoglutarate. On these grounds 
they suggested that the citric acid cycle in its 
classical form did not operate in skin. Our results, 
which show a sharp contrast between the obvious 
usage of succinate, fumarate, malate and oxalo- 
acetate and the transient usage of citrate and non- 
utilization of «-oxoglutarate, are consistent with 
their findings, but the evidence is as yet insufficient 
to conclude that skin differs in its oxidative processes 
from the majority of other tissues. 


SUMMARY 


1. The respiration and glucose utilization of skin 
of the guinea-pig ear in vitro are unaffected by the 
glucose concentration within the range 0-005— 
0-02M. 

2. The respiration and utilization 
increase as the fructose concentration is increased. 

3. In glucose—fructose mixtures the utilization of 
fructose is reduced, the glucose utilization is un- 
affected and the total hexose utilization thus in- 
creases. This is not reflected in an increased respira- 
tion rate. 

4. Intheabsence ofserum the glucose utilizationis 
only about one-half of that occurring in the presence 
of serum, and the respiration is only slightly reduced ; 
the sum of lactic acid produced and the calculated 
glucose oxidized equals the observed glucose utilized. 


fructose 
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5. Glucose, fructose, lactate and pyruvate 
stimulate respiration and maintain a relatively 
high respiration rate for 24 hr. 

6. Succinate, malate and acetate stimulate 
respiration but permit a gradual decline over 24 hr. 

7. Oxaloacetate maintains respiration for 5 hr. 
only, subsequently becoming toxic; fumarate also 
stimulates respiration initially but its effect declines 
between 5 and 24 hr. 

8. Citrate causes transitory stimulation in the 
first hour and «-oxoglutarate is without effect. 

9. Glucose 1-phosphate causes initial depression, 
but at 24hr. a slight increase over the control 
occurs. 

10. These findings are discussed in relation to the 
carbohydrate metabolism of skin. 


We are indebted to Professor J. R. Squire for his con- 
tinued interest and advice. 
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The Origin of Melezitose: a Biochemical Relationship between the 
Lime Tree (Tilia spp.) and an Aphis (Eucallipterus tiliae L.) 


By J. S. D. BACON* ann BRENDA DICKINSON 
Department of Biochemistry, University of Sheffield 


(Received 23 October 1956) 


The trisaccharide melezitose [O-«-p-glucopyrano- 
syl-(1 + 3)-8-p-fructofuranosyl-(2 > 1) «-D-gluco- 
pyranoside] was first recognized as a new sugar by 
Bonastre (1833), who found it in a crystalline deposit 
called ‘manna of Briangon’, occurring on the 

* Present address: Department of Biochemistry, 
Macaulay Institute for Soil Research, Aberdeen. 
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branches of the larch (Larix spp.; French, ‘le 
méléze’). It was later found in a number of other 
mannas and honeydews (listed by Hudson, 1946), 
notably that from Tashkent and the Middle East, 
called ‘turanjabin’. Using material from the latter 
source Berthelot (1859), Alekhine (1889) and 
Tanret (1906) elucidated the main features of its 
Bioch. 1957, 66 
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structure. However, it was not until Hudson (1946) 
had pointed to a gap in the evidence that conclusive 
proof was obtained by Hehre for the substituted 
sucrose structure (Hehre & Carlson, 1952). 

In 1917 melezitose was first noticed in honey. 
Hudson & Sherwood (1920) found that it was 
responsible for the crystallization of certain honeys 
in the comb (with disastrous results for the bees), 
and Dr E. T. Wherry (see Hudson & Sherwood, 
1920) obtained evidence which indicated that the 
bees had obtained the melezitose by collecting honey - 
dew from pine trees (Pinus virginiana Mill.) in the 
locality. These trees were infested with aphids and 
scale insects and the excretion of Lachnus pineti 
(Fab.) Koch appeared to be the main source of 
the trisaccharide. Later melezitose was found in 
European honeys, as the result of the collection of 
honeydew from conifers and lime trees (Nottbohm 
& Lucius, 1929, 1931) and from spruce (Gorbach, 
1937). The absence of melezitose from nectar 
honeys suggested that it was not formed in the 
elaboration of nectar by the plant, nor in the pro- 
cessing and ripening of the honey by the bees. Thus 
although ‘melezitose honey’ is the immediate com- 
mercial source of the sugar (cf. Hudson, 1946), its 
origin is to be sought in the honeydews from which 
this honey is made. 

There has been a divergence of opinion about the 
origin of honeydews and mannas, which may be 
defined respectively as the fluid and solid deposits, 
rich in sugar, found on the leaves and branches of 
various trees and shrubs. Some writers regarded 
them as the result of normal physiological processes 
in the plant under special climatic conditions (e.g. 
Davidson, 1919), while others (e.g. Alekhine, 1889; 
Maquenne, 1893), although alive to the possibility 
that insects were responsible, could not find any on 
the plant material they examined. The prevailing 
view is, however, that insects are always responsible 
(cf. Tanret, 1920); they puncture the plant tissues 
and allow the sap to flow into their alimentary tract. 
They absorb some of the sap constituents and expel 
the unwanted fluid from the anus from time to 
time, usually in such a manner that it falls away 
from the place at which they are feeding (see, for 
example, Broadbent, 1951). 

If it is admitted that honeydews and mannas are 
always produced by insects, the sugars found in them 
may still be conceived to originate in a number of 
ways: for example, (a) they could be present in the 
normal sap of the plant; (b) they could be produced 
by plant tissue damaged or otherwise modified by 
the proboscis of the insect; (c) they could be pro- 
duced by the insect from the sugars present in the 
normal sap. Hudson (1946) was inclined to believe 
that melezitose was already present in the sap of the 
various species of plant concerned, but other workers 
(e.g. Gorbach; letter to Mr J. Pryce-Jones, 1950) 
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came to the conclusion that the insect must be 
responsible, since no melezitose could be found in the 
sap of trees (spruce, oak) on which melezitosc- 
containing honeydew was formed. 

In 1952 Dr T. E. Mittler (cf. Mittler, 1954) found 
that a trisaccharide was present in the honeydew of 
an aphis, T'wberolachnus salignus Gmelin, feeding on 
willow (Salix spp.), but not in the sap collected from 
the cut ends of the insect’s stylets by the technique 
of Kennedy & Mittler (1953). The trisaccharide had 
an FR, similar to that of melezitose, and gave glucose 
and fructose on hydrolysis. These properties in 
themselves are not sufficient to identify the sub- 
stance as melezitose (3"-«-glucosylsucrose), because 
in 1953 a trisaccharide with similar properties, 
4°.%-glucosylsucrose (‘maltosylfructoside’) was 
found to be produced by honey invertase (White & 
Maher, 1953), and to be present in the excreta of 
various insects, including the honeydew of Aphis 
spiraecola (Patch) (Gray & Fraenkel, 1953, 1954). 
Duspiva (1953, 1954) studied the action of extracts 
of various parts of the gut of aphids on sucrose, 
and suggested that the mixture of sugars found in 
honeydew represented an intermediate stage in the 
action of digestive enzymes of the insect, which 
included transglycosylation. However, he did not 
produce any specific evidence that melezitose was 
formed in this way. 

After preliminary experiments in 1954 with 
enzyme preparations from aphids, in which 4°%-«- 
glucosylsucrose, but no melezitose, was produced 
from sucrose, and an examination of the sugars of 
the leaves of larch and other trees, we decided to 
examine more closely the production of melezitose- 
containing honeydew by aphids feeding on the lime 
tree (Tilia). Lime-tree honeydew contains re- 
latively large amounts of melezitose (Maquenne, 
1893), and is produced in abundance in this country 
under the appropriate but infrequent weather 
conditions, namely a succession of hot rainless days. 

We have found that there is little, if any, mele- 
zitose in the leaves of the tree. On the other hand, 
the bodies of the aphids which produce the honey- 
dew contain an enzyme which will form melezitose 
from sucrose. A preliminary account of this work 
has been given to the Biochemical Society (Bacon & 
Dickinson, 1955). 

After an investigation of honeydew production on 
citrous plants Wolf & Ewart (19556) have briefly 
reported that the melezitose-containing honeydew 
of a coccid (Icerya purchasi Mask.) contains also an 
enzyme capable of forming melezitose from sucrose. 


METHODS 


The methods of analysis used, including the chromatography 
of sugars, were essentially those already described (Bacon, 
1954). The use of a diphenylamine-aniline—phosphoric acid 
dip (cf. Harris & MacWilliam, 1954), which was stated by 
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Saroja, Venkataraman & Giri (1955) to distinguish 1:4- from 
1:6-linked glucose oligosaccharides, was found to distinguish 
very satisfactorily between melezitose and 4°%-«-glucosyl- 
sucrose on paper chromatograms. When heated at about 
95-100° for 1-2 min. melezitose gave at first a grey colour, 
which quickly changed to a brown, that persisted on storage 
away from light; 4°-«-glucosylsucrose gave a greenish blue 
colour that was also stable for long periods if kept in the 
dark. The colours given by raffinose and 1*-f-fructosyl- 
sucrose, although not easily described, could be distinguished 
from each other and those given by the other two tri- 
saccharides. 


MATERIALS 


Melezitose. Commercial samples (Edward Gurr Ltd., 
London) were used without purification for most purposes. 
A sample of the trisaccharide kindly sent by Dr Hewitt G. 
Fletcher, jun., of the National Institutes of Health, 
Bethesda, Maryland, U.S.A., was used as reference material 
in the characterization of enzymically synthesized mele- 
zitose. 

4°.«-Glucosylsucrose. A small amount of a syrup having 
the properties of this compound was isolated from an incu- 
bation of crushed greenflies with sucrose solution: 115 mg. 
of whole unidentified green aphids was crushed in 1 ml. of 
water, 4 ml. of water containing 2 g. of sucrose was added 
and the mixture (pH about 6-5) left (with chloroform) at 
room temperature for 2 days. The reaction was terminated 
by heating at 100° for 10 min. and the mixture fractionated 
on an Activated Charcoal (B.D.H. Ltd.)—Celite column 
(40 g.:40 g.) by gradient elution [50% (w/v) ethanol into 
1 1. of water]. The first 500 ml. of effluent was discarded; the 
next 85 ml. contained the trisaccharide and was evaporated 
to dryness. The material (a syrup) was non-reducing, and on 
hydrolysis with 0-5% oxalic acid at 100° for 30 min., or 
with yeast invertase, it yielded fructose and a disaccharide 
having the same 2, as maltose and giving the characteristic 
blue colour given by maltose with the diphenylamine— 
aniline—phosphoric acid reagent. It was further character- 
ized by the tests applied to a similar substance isolated from 
incubations with Eucallipterus tiliae (see below). 

Turanose. A small sample was obtained from Dr N. K. 
Richtmyer, part of a gift from him to Dr D. J, Bell. 

Leaves. Leaves were collected from various lime trees, 
including some in an avenue at Tissington, Derbyshire, and 
others in the Botanical Gardens, Sheffield. The species of 
lime commonly found in England are Tilia platyphylla 
Scop., 7’. cordata Mill. and a hybrid between them, 7’. x 
vulgaris Hayne. Most of the leaves collected were referable 
to 7’. platyphylla or T. vulgaris, but some did not fall easily 
into this classification. 

The leaves were cooled soon after collection. Twigs bearing 
leaves were cut from trees growing near the laboratory and 
transferred as quickly as possible to the deep-freeze. Once 
frozen the petioles became so brittle that the leaves could be 
snapped off. Leaves which had to be brought from greater 
distances were frozen with solid CO, in a large vacuum flask 
and later transferred to the deep-freeze. 

In this way the leaves of Tilia (and of other trees) could be 
collected during hot sunny periods, when the carbohydrate 
content should be at its highest, and if necessary preserved 
for a few weeks before being analysed. 

Germination of larch seeds. Seeds of the larch, Larix 
leptolepis (Sieb. & Zucc.) Gord. were spread on a pad of 
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filter paper, kept moist by capillarity through a ‘wick’ of 
filter-paper strips, and covered with an inverted glass funnel. 
After 4 weeks at 30°, the sprouts were up to 8 cm. long and 
yellow at the tops, but the root systems were not very well 
developed. 

Aphids. Eucallipterus tiliae, a yellow to orange, spotted 
aphis, is usually found on the undersurfaces of the leaves 
although a few individuals crouch in the depressions formed 
by the ribs on the upper sides. While the trees are in blossom 
a proportion of the aphids attach themselves to the flower 
stalks. The number on each leaf is always small, so that a 
large number of leaves have to be explored in order to collect 
an appreciable weight of insects. When touched with a 
pointed instrument the insect will often spring into the air 
and fall into a suitable receptacle, but equally often moves 
inexpertly sideways and becomes stuck to the leaf by its own 
excreta. Once transferred to a glass vessel on a warm after- 
noon it becomes very active. The various difficulties were 
overcome by placing a 500 ml. beaker inside a larger vessel 
and packing cotton wool into the space between them. A 
few drops of chloroform were placed on the cotton wool from 
time to time, and this served to kill or at least immobilize 
most of the insects which fell into the beaker. Inevitably 
other insects were included, and small pieces of vegetation, 
blossoms, ete. At the end of a period of colJectioa the entire 
contents were spread on a sheet of paper and the unwanted 
material was removed. The specimens of E£. tiliae, which 
included many wingless and immature forms, were then 
transferred to a glass-stoppered tube, weighed, and stored in 
the deep-freeze; they retained their enzymic activity for at 
least one year. After 2-3 hr. spent in collecting, transporting 
and sorting the material the yield was usually of the order of 
100 mg. fresh wt. of whole insects. 

Honeydew. Since most of the aphids live underneath the 
leaves the bulk of their excretion falls on to the objects 
immediately below them, chiefly the upper surfaces of other 
leaves. Honeydew was collected by rubbing the upper 
surface of each leaf several times with a piece of cotton wool 
soaked with water. The cotton wool was frequently washed 
in 50-100 ml. of water held in a beaker. The washings were 
transferred to a bottle and a few drops of chloroform at once 
added. In Sheffield the washings so obtained were turbid, 
and contained black particles. This contamination would 
appear to be a result of air pollution by industrial processes, 
and not of mould growth. Most of the colour and turbidity 
was removed by filtration through Whatman no. | paper. 
The pH was usually low (about 4). 

In a single experiment a sheet of transparent material 
(Pliofilm) was spread across a lower branch of a lime 
tree and left for 5 hr. (12.00 to 17.00 hr.). It was then 
carefully folded and transported to the laboratory, where 
the honeydew was washed from the upper surface. On 
evaporation the washings yielded 140 mg. of residue from 
1-7 m.*, 

By the use of small pieces of Pliofilm attached to indi- 
vidual leaves we were able to satisfy ourselves (a) that 
honeydew fell on to the upper surfaces of leaves, and was not 
secreted by them, and (b) that Z. tiliae was chiefly, perhaps 
entirely, responsible for the honeydew, relatively large 
droplets of honeydew appearing on the film below each 
individual within a few hours. 

Other insects and honeydews. The collection of small 
samples of other insects and their excreta is referred to in 
the next section. : 
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RESULTS 
Sugars in extracts of leaves 

Leaves were extracted by dropping them into 
boiling water and continuing the boiling for 
5--L0 min. after the last addition. The pH of such an 
extract was tested in a preliminary experiment, and 
was usually greater than 5. If the pH was raised by 
the addition of alkali or buffer subsequent opera- 
tions were complicated by the extraction of gela- 
tinous, presumably pectic, material ; such additions 
were therefore avoided unless the pH of an extract 
fell below 5. Paper chromatograms of these aqueous 
extracts ran badly, and Activated Charcoal—Celite 
columns became blocked, unless a preliminary pre- 
cipitation with about 50% ethanol was carried 
out. With lime leaves the ethanol precipitate was 
mucilaginous, but with the other leaves examined 
it had the properties of a pectic acid gel. The 
following is a typical procedure. 

Leaves of 7’. vulgaris (50 g.), collected 11 July 
1955, were dropped into 200 ml. of boiling water. 
A few drops of 5 % (w/v) Na,CO, were added to keep 
the colour reaction blue to bromocresol green, and 
about 50 ml. of water to replace that lost by evapor- 
ation. Boiling was continued for 5 min. after the 
last addition, the whole cooled and transferred to 
a Waring Blendor. After blending for a few minutes 
the extract was separated from the leaf debris by 
squeezing through heavy cotton cloth, and an equal 
volume of ethanol added to the filtrate. After the 
precipitate had flocculated it was removed by 
filtration through a Green’s no. 9043 pleated filter 
paper, and the filtrate evaporated to dryness in 
vacuo with a bath temperature not exceeding 50°. 
The residue was then dissolved in a small volume of 
water for chromatographic analysis. 

Paper chromatography showed the 
presence of much sucrose, smaller amounts of 
glucose, and relatively little fructose. There were 
traces of cther disaccharides, and material in the 
positions of melezitose and raffinose. The extracts 
were fractionated by gradient elution on Activated 
Charcoal—Celite columns, with or without a pre- 
liminary removal of monosaccharide on a similar 
column (Bacon, 1954). From 40g. of leaves was 
obtained in one such separation about 1g. of 
crystalline sucrose, but the yields of the other 
oligosaccharides were much lower. All the fractions 
following sucrose were therefore usually bulked and 
paper chromatography in n- 


Lime. 
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butanol-acetic acid—water. The various components 
were extracted as described by Allen & Bacon 
(1956). Treatment with 0-5 % oxalic acid at 100°, or 
with yeast invertase at room temperature, com- 
bined with paper chromatography, was employed in 
an attempt to detect melezitose among these com- 
ponents. When dissolved in water equivalent to 
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0-02 times the original fresh weight of leaf the non- 
sucrose oligosaccharide fraction always showed a 
trisaccharide with the R, of melezitose, in amounts 
corresponding to about 0-5% of the solution. 
However, when this substance was separated and 
treated with yeast invertase appreciable amounts of 
fructose and glucose were produced, leaving inver- 
tase-resistant trisaccharide amounting to only 
about one-fifth of the original. The material having 
the properties of melezitose thus amounted to only 
about 1 mg. in 50 g. of leaves, as compared with 1 g. 
of sucrose. 

By similar techniques raffinose was identified in 
the extracts. There were also present traces of other 
oligosaccharides, including one giving a blue colour 
with the diphenylamine—aniline—phosphoric acid 
reagent but having an FR, rather smaller than that of 
maltose, in butanol—acetic acid—water. 

Larch. Extracts of young leaves, collected 9 May 
1955, contained sucrose and glucose and small 
amounts of trisaccharide. The oligosaccharide 
fraction (Active Carbon no. 130, Sutcliffe, Speakman 
and Co. Ltd., Leigh, Lanes.) from 10 g. of leaves 
weighed 70-80 mg. The trisaccharide was seen as a 
single spot with the F, of raffinose when the fraction 
was dissolved in 0-5 ml. of water and chromato. 
graphed. There was no sign of material with the R, 
of melezitose, and after oxalic acid hydrolysis no 
ketose-reacting material remained in the disac- 
charide position (see below). 

Twenty seedlings (660 mg.) of Laria leptolepis, 
were extracted with boiling 50% ethanol and the 
extract was examined by paper chromatography 
before and after the separation of the oligosaccharide 
fraction on an Active Carbon no. 130—Celite column. 
No substance with the R, value of melezitose was 
detected. 

Ash. Sucrose, glucose and fructose were found, 
with appreciable amounts of higher oligosaccharides. 
These appeared to be raffinose, stachyose and 
verbascose (cf. French & Wild, 1953), the first two 
having the same #,, values as authentic raffinose and 
stachyose (Bealing, 1953), and all three containing 
ketose, presumably fructose, removable by hydro- 
lysis with oxalic acid or by yeast invertase. Stachy- 
ose predominated ; there was no sign of a member of 
the series higher than verbascose. There was also no 
sign of melezitose. 

Willow. A spot of willow sap collected (24 May 
1954) by Mr G. P. Hill, by the method of Kennedy & 
Mittler (1953), showed only sucrose, confirming the 
observation of Mittler (1954). 


Sugars of honeydews 
Lime. Honeydew was washed off lime leaves 
collected in June 1949 and the washings were 
filtered through a little charcoal, concentrated and 
treated with an equal volume of ethanol. The 
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alcoholic supernatant on evaporation in vacuo 
yielded a syrup. A sample of this (about 1 g.) was 
fractionated by gradient elution on Activated 
Charcoal—Celite. Crude samples of sucrose (202 mg.) 
and melezitose (304 mg.) were obtained, from which 
115mg. and 244mg. respectively of crystalline 
material were obtained (sucrose [«], +65-6°; 
melezitose [«],, + 90-2°). 

The fractionation also gave about 40 mg. of a 
mixed trisaccharide fraction in which raffinose and 
4°.%-glucosylsucrose were tentatively identified. 

These results were confirmed and extended by an 
analysis of honeydew collected 14 July 1955. The 
washings from the lower leaves of a tree of Tilia 
vulgaris were filtered and evaporated to small bulk 
in vacuo after adjustment of the pH to about 6-5. 
The concentrate was applied to an Activated 
Charcoal—Celite column (40 g.: 40 g.) and developed 
by gradient elution, ethanol (50%, v/v) dropping 
into 11. of water. This did not achieve a complete 
separation of the sugars. The mixed fractions, each 
of which consisted of two main components, were 
therefore analysed as follows. 'The monosaccharide 
was estimated as reducing sugar (Miller & Van Slyke, 
1936) and its fructose component by Cole’s method 
(Bacon & Bell, 1948). Quantitative paper chromato- 
graphy (Bealing & Bacon, 1953) was applied directly 
to the mixture of sucrose and melezitose, and to the 
mixture of melezitose and presumed 4°-x-glucosyl- 
sucrose after it had been treated with yeast invertase, 
which yielded free fructose and a resistant tri- 
saccharide. The results are given in Table 1. In 
addition to the substances listed a small amount of 
a disaccharide having the chromatographic be- 
haviour of maltose was eluted with the mixed 
sucrose—melezitose fractions. Evidence was also 
obtained (ef. the preceding section) for the presence 
of small amounts of raffinose in the 4°-«-glucosyl- 
sucrose fractions. 

The 4°-x-glucosylsucrose was characterized only 
by paper chromatography, hydrolysis with yeast: 
invertase giving a monosaccharide with the chro- 
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matographic behaviour of fructose, and a disac- 
charide which resembled maltose. 
Lime-tree honeydew from scale insects. 
1956 honeydew was noticed on a lime tree which 
tiliae. This 


In May 


appeared to be almost free from EL. 
honeydew was traced to a small number of scale 
insects (Hulecanium coryli L.), which feed on 
the twigs rather than the leaves of the tree. When 
examined by paper chromatography, before and 
after mild acid hydrolysis, it was found to be quite 
different from the EH. tiliae honeydew. Like the 
latter it contained appreciable amounts of sucrose, 
glucose and fructose, but no melezitose could be 
detected, and in its place there were present a series 
of sugars which appeared, like those described by 
Wolf & Ewart (1955a), to belong to two series (their 
‘O’ and ‘M’ series), namely that based on sucrose 
by the successive addition of «-1:4-glucosy! radicals 
to the glucose moiety, and the corresponding sub- 
fructose removed, i.e. the dextrin 
maltose 


stances with 
series. 4°-%-Glucosylsucrose and 
present in relatively small amounts in the two 
samples of honeydew examined, compared with the 
upper members, of which at least four could be 
counted on chromatograms developed for long 


were 


periods. 

Ash (Fraxinus spp.). The excretion of a psyllid 
(Psyllopsis fraxinicola Frstr.) living on this tree is in 
the form of a thick syrup covered by an envelope 
(probably of a waxy nature). The honeydew thus 
consists of small pellets, which may dry and harden 
in the sun. A single pellet smeared on the starting 
line of a paper chromatogram provided ample 
material for the identification of its constituent 
sugars. These always included the three members 
of the raffinose series already identified in the leaf 
sap, but variable, sometimes almost insignificant, 
amounts of sucrose. Apart from traces of glucose 
and fructose, and possibly of melibiose, no other 
sugars were detectable with the reagents used. 

Other trees. Washings from the leaves of a syca- 
more (Acer pseudoplatanus L.) showed the presence 





Table 1. Sugars of lime-leaf honeydew 


Chromatographic separation and subsequent analysis of mixed fractions is described in the text. The amount of each 
sugar (except glucose) is calculated from the result of a ketose estimation, and is given to the nearest milligram. Volumes 
of fractions 1-16 and 26-29, which contained no detectable carbohydrate, were 260 and 44 ml. respectively. 


Fraction Volume Dry wt. 
nos. (ml.) (mg.) Fructose 
17-25 100 180 113 
30-38 85 370 
39-42* 33 65 - 
43-51 71 280 
52-55 25 14 
56-677 93 31 - 
Totals (mg.) 113 
Totals (as % sugar recovered) 14 


* This fraction contained a small proportion of maltose. 


4¢-a-Glucosyl- 


Glucose Sucrose Melezitose sucrose 
34 sia a 
— 308 - 
~- 10 43 - 
- - 281 — 
- — 4 4 

—- — 21T 

34 318 328 25 
4 39 40 3 


+ Contained some raffinose. 
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of a multiplicity of sugars; paper chromatograms of 
the unfractionated material were too complex to 
permit identification of anything but sucrose, 
glucose and fructose. There did not appear to be 
much, if any, melezitose, and apparently not much 
4°.x-glucosylsucrose. It is possible that some mould 
growth had taken place. The material was not 
examined further. Drepanosiphum platanoides 
Schr. was the most abundant insect on these leaves. 


Action of extracts of insects on sucrose 


Experiments of a preliminary nature were made 
with unidentified aphids taken from various garden 
plants. The insects were crushed with a glass rod in 
the presence of a small amount of sucrose solution 
(20-40 %, w/v) and a few drops of chloroform, and 
the suspension, after addition of further sucrose 
solution, was left at room temperature (about 20°). 
The pH was sometimes controlled by the use of 
buffers, but otherwise was on the acid side of 
neutrality. The tougher parts, wings, legs, integu- 
ment, etc., were not removed from the suspensions 
before incubation, but were separated incidentally 
to sampling and chromatography. From such 
incubation mixtures, sucrose disappeared at rates of 
the order of 1 mg./mg. fresh wt. of insect/day, and 
there accumulated a large number of oligosac- 
charides, which appeared to include 4°-«-glucosy]- 
sucrose and maltose. A fractionation of one such 
incubation mixture, which provided a sample of 
4°.%-glucosylsucrose (see Materials), showed no 
sign of the presence of melezitose, nor could any be 
detected by paper chromatography. 

Eucallipterus tiliae L. In July and August 1955 
similar experiments were carried out with LZ. tiliae. 
Since the R, values of melezitose and 4°-«-glucosyl- 
sucrose in butanol—acetic acid—water are very 
similar, melezitose was tested for by heating a 
sample of the incubation mixture at 100° with 
0-5 % oxalic acid for 30 min., and spraying a paper 
chromatogram of the hydrolysate with phloro- 
glucinol (Horrocks & Manning, 1949). Of the sub- 
stances known or suspected to be present only 
melezitose yields a ketose-containing disaccharide 
(turanose); the persistence of ketose in the disac- 
charide position was thus taken as evidence for the 
formation of melezitose. This was confirmed by 
developing chromatograms of the untreated incu- 
bation mixture for 3—4 days, and dipping them in the 
diphenylamine—aniline—phosphoric acid reagent. 
Although melezitose and 4°-«-glucosylsucrose are 
not usually completely separated by this length of 
run, the reagent shows very clearly the difference in 
colour between the front and back of the spot. The 
front portion (melezitose) is brown and the back 
portion (4%-«-glucosylsucrose) a dull blue. 

These tests showed that sucrose incubated with 
crushed LE. tiliae gave fructose, glucose and a tri- 
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saccharide fraction which appeared to contain both 
melezitose and 4°-«-glucosylsucrose. This supposi- 
tion was confirmed by experiments on a larger scale. 

Sucrose (3 g.) was dissolved in 12 ml. of water and 
280 mg. of freshly collected whole insects was 
crushed in 0-5 ml. of the solution. A further 10 ml. 
of solution was added, and 0-5 ml. of the suspension 
withdrawn. The pH of the latter was adjusted to 
pH 5-0 with sodium acetate—acetic acid buffer, and 
0-1 ml. of mM-sodium potassium phosphate buffer 
(pH 6) was added to the larger portion. Chloroform 
was added to both, and samples (about 3 pl.) were 
withdrawn at intervals. After 67hr. at room 
temperature 0-5 ml. was withdrawn from the pH 6 
incubation mixture and the remainder inactivated 
by heating at 100° for 10 min. 

Examination of the smaller incubation mixtures 
was continued for 11 days and showed that the 
action on sucrose was more rapid at pH 6 than at 
pH 5. As the reaction progressed appreciable 
amounts of substances reacting blue to the di- 
phenylamine—aniline—phosphoric acid reagent were 
formed at both pH values. Melezitose and 4°-«- 
glucosylsucrose were present in both incubations 
and there was no indication that their relative 
proportions varied with pH or the time of incuba- 
tion. 

The inactivated sample (9-5 ml.) was subjected to 
gradient elution on Activated Charcoal—Celite 
(42 g.:42 g.), 50 % (v/v) ethanol dropping into 1 1. of 
water. The first 550 ml. of effluent was discarded 
and the fractions containing melezitose (the next 
74 ml.) were taken to dryness and fractionated 
again on a smaller column (15 g.:15 g.), 50% (v/v) 
ethanol dropping into 500 ml. This yielded 97-8 mg. 
of a syrup which was treated with charcoal (re- 
covery: 93-5 mg., [«],, + 80°), dissolved in 0-5 ml. of 
50% ethanol, warmed and 1-25ml. of ethanol 
added. The substance crystallized when seeds of 
melezitose were added. The crystals (66 mg.) were 
dried in a desiccator over CaCl,-NaOH: [«]?} + 88-5°. 
This material was recrystallized from 85% (v/v) 
aqueous ethanol for physical examination. It was 
identical both by infrared spectrum (Dr E. J. 
Bourne) and X-ray diffraction picture (Mr O. G. 
Griffin; see Addendum) with authentic melezitose 
monohydrate. 

The fractions following melezitose in the first 
fractionation (198ml.) contained 115mg. of 
material, which appeared to be chiefly 4°-a- 
glucosylsucrose, apart from traces of mono- and 
di-saccharide. The trisaccharide component was 
hydrolysed by yeast invertase to a mixture of 
fructose and maltose, and by a preparation of 
intestinal maltase freed from invertase activity by 
heat treatment (Bacon & Bacon, in preparation) 
to a mixture of sucrose and glucose; in both cases 
the products were identified only by their chromato- 
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graphic behaviour and reactions with spraying 
reagents. Gray & Fraenkel (1954) stated that their 
‘fructomaltose’ (probably 4°%-«-glucosylsucrose) 
was hydrolysed by the butanol—acetic acid—water 
mixture of Partridge (1948). It seems possible that 
traces of mineral acid in their acetic acid were 
responsible. On one occasion in this laboratory a 
batch of this solvent made with laboratory reagent- 
grade acetic acid caused hydrolysis of sucrose and 
other fructosides. Since that time we have always 
used A.R. grade and have never noticed any 
hydrolysis of fructosides, including 4°-«-glucosyl- 
sucrose, and it is very unlikely that the substance 
has, for this reason, escaped our notice in the 
Psyllopsis fraxinicola honeydew. Gray & Fraenkel 
also reported hydrolytic action by a pancreatic 
extract. We have found a slow hydrolysis by saliva. 
Probably in both cases maltase was responsible. 

At this stage of the reaction no sugars other than 
fructose, glucose, sucrose and the two trisaccharides 
were present in sufficient amounts to merit atten- 
tion, but higher oligosaccharides were detectable on 
chromatograms from more lengthy incubations. 


DISCUSSION 


It is interesting to compare the carbohydrate com- 
position of honeydews of the psyllid (Psyllopsis 
fraxinicola), the aphis (Hucallipterus tiliae) and the 
scale insect (Hulecanium coryli), with the carbo- 
hydrates of the sap on which they feed. The psyllid 
utilizes the greater part of the sucrose and mono- 
saccharide present in its food, but fails to attack the 
galactosylsucroscs, raffinose, stachyose and verbas- 
cose. The aphis and scale insect, on the other hand, 
both excrete sucrose and monosaccharide, and with 
them appreciable amounts of sugars which are not 
demonstrable in the leaves on which they feed. Thus 
although all three excrete sugars, in the psyllid this 
would appear to be due to its lack of any enzymic 
mechanism (e.g. «-galactosidase or £-fructofurano- 
sidase) by which raffinose and related compounds 
can be hydrolysed, whereas in the aphis and scale 
insect it is due to a failure to utilize fully the sucrose 
which is available. 

One possible explanation.of the presence of a 
high proportion of melezitose, 4°-«-glucosylsucrose 
or related substances in honeydew is that they are 
present in the sap in much smaller proportions, but 
become concentrated relative to the other sugars by 
the preferential utilization of the latter (sucrose, 
monosaccharides, etc.). If one assumes that the 
small melezitose-like fraction of lime leaves 
described above is in fact melezitose, then to reduce 
the ratio of sucrose to melezitose, which is approxi- 
mately 1000:1 in the leaf extract, to its value of 
about 1:1 in the honeydew, the insect would have to 
utilize 99-9 % of the sucrose. 
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This is hardly in keeping with the vast amounts of 
sugar excreted by aphids (cf. Mawson, 1948), which 
early led to the belief that excessive amounts of carbo- 
hydrate were inbibed in order to obtain sufficient 
nitrogen (a belief needing revision in the light of the 
discovery by Maltais & Auclair (1952) that aphids 
excrete also substantial amounts of amino acids). 

The only quantitative study of the utilization of 
nitrogen and carbohydrate is that by Mittler (1954) 
using T'uberolachnus salignus. Kennedy & Mittler 
(1953) had found that phloem sap exudes from 
severed stylets at a rate very similar to that at which 
honeydew is excreted by adjacent aphids. Mittler 
(1953) measured the total nitrogen content of 
freshly excreted honeydew and found it always to 
be less than that of sap collected simultaneously. 
The difference was observed over a wide range of 
concentrations, depending upon the developmental 
stage of the plant (Salix), and, with other evidence, 
suggested that the insect absorbs some nitrogenous 
constituents of the sap, among them amino acids. 
However, he found that the concentration of total 
sugar in the honeydew did not differ greatly from 
that in the sap, the difference seldom exceeding 3 %. 
Absorption of carbohydrate, although not excluded 
by this observation, must be proportionately less 
than that of nitrogen, and would not be expected to 
lead by itself to any great changes in the relative 
proportions of the sugars present in the sap. It may 
also be noted that if raffinose is not attacked in the 
digestive system of the insect the relative amount of 
this trisaccharide would also be expected to increase. 
In fact, the chromatographic analysis showed only 
trace amounts of raffinose in the honeydew, perhaps 
0-1 % of the total sugar. 

A more convincing argument against this 
explanation is the striking difference between the 
carbohydrates excreted by the aphis and scale 
insect feeding on the same tree. In the honeydew of 
Eulecanium coryli no melezitose is detectable, but 
in its place there occur considerable amounts of 
sugars which are not seen at all in the leaf extracts. 
The conclusion seems inescapable that melezitose 
and the 4%-«-glucosylsucrose family of substances 
are produced by the action of insects, and that the 
carbohydrates of their honeydews represent, as 
Duspiva (1953) first suggested, a stage of incomplete 
digestion of sucrose, a consequence of the super- 
fluity of carbohydrate. 

The possibility that the plant produces abnormal 
sugars when damaged by the mouthparts of the 
insect is difficult to exclude. However, like Mittler, 
we could find no trisaccharide in the sap collected 
from a severed stylet. The present experiments 
show that somewhere the insects carry an enzyme 
system capable of forming melezitose and 4°-«- 
glucosylsucrose from ‘sucrose. Wolf & Ewart 
(19556) have shown that a scale insect (Coccus 
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which excretes 4°-«-glucosyl- 
sucrose, excretes with it an enzyme capable of 
forming it from sucrose, whereas a species (Icerya 
purchasi) which excretes melezitose excretes a 
melezitose-forming enzyme. In these cases the 
enzymes responsible would thus seem to be present 
in the lumen of the alimentary tract, and hence it 
could be argued (but without much conviction) 
that they were selectively imbibed with the sap. 

Although there is a little 4°-x-glucosylsucrose in 
Eucallipterus tiliae honeydew, the major trisac- 
charide component is melezitose. It is not easy to 
reconcile this with the 1:1 ratio found in the in vitro 
incubations. It is possible that two enzymes are 
concerned and that they normally act in different 
proportions in vivo, or perhaps that there is a labile 
maltase also concerned in the normal processes of 
digestion. 

The presence of a mixture of the two trisac- 
charides in honeydew might explain the difficulties 
encountered by Nottbohm & Lucius (1931) in 
crystallizing melezitose from a sample of Latschen- 
honig. It seems very likely that the high apparent 
dextrin content of honeydew honeys (cf. Nottbohm 
& Lucius, 1931) is sometimes due to melezitose (cf. 
Walton, 1942) and sometimes to the true dextrins 
and ‘dextrin-fructosides’ in the 4°-«-glucosylsucrose 
type of honeydew (Wolf & Ewart, 1955a). It would 
be interesting, for example, to know wheiher the 
honeydew of the scale insect Lecanium hemicry- 
phum, which gives a short but abundant flow of 
honeydew on spruce in early summer, owes its high 
dextrin content (28% of its dry wt.; Gontarski, 
1940) to the substances here observed with Hule- 
canium coryli. 

It is peculiar that among members of the same 
families (Coccidae: Wolf & Ewart, 19556; Ewart & 
Metcalf, 1956; Aphididae: present study) there 
should occur two different types of sucrose di- 
gestion. Dr A. Maurizio (of the Bienenabteilung, 
Eidg. Milehwirtschaftliche Versuchsanstalt, Liebe- 
feld-Bern) informs us that in certain years melezitose 
honey is found even in the spruce-fir region of 
Switzerland, whereas in other years the honey from 
this region, although derived from honeydew, is free 
from the trisaccharide. This points to the existence 
of both types of insect on spruce (Picea excelsa). She 
suggests that it would be worth while for ento- 
mologists to make a survey of aphis species to find 
out which of them produce melezitose. Such a 
survey would not be difficult, because the chromato- 
graphic tests described here distinguish the two 
types of honeydew fairly quickly. The result might 
be viewed in the light of the present classification of 
aphids, which seems to be based mainly on their 
morphology. 

If the distribution of the melezitose-forming 
enzyme should seem to be random with respect to 
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existing classifications, it may be necessary to con- 
sider the intracellular symbionts which are very 
commonly found in insects (Steinhaus, 1946). The 
sucrose-splitting enzymes so far studied in fungi and 
yeasts are transfructosylases, but among bacteria 
a number of transglucosylases are known (cf. 
Hehre, 1951). 

In any case, further experiments are necessary to 
locate the enzymes responsible in the body of the 
insect, and to try to decide whether more than one 
enzyme is responsible in F. tiliae for the formation 
of melezitose and 4°-«-glucosylsucrose. These in- 
vestigations are, however, not likely to alter the 
main conclusion from the present work: that 
melezitose in the honeydew of the lime tree is an 
insect product. Bearing in mind the possibility that 
symbiotic micro-organisms are involved, one 
hesitates to infer that melezitose is produced only 
in the bodies of the insects, but it would seem 
probable that this is true of all samples so far 
examined. 


SUMMARY 


1. The sugars of the leaves of certain trees 
(Tilia, Fraxinus, Larix) have been examined by 
chromatographic methods, special attention being 
paid to the possible occurrence of melezitose and 
4°.x-glucosylsucrose (‘maltosyl-fructoside’: White 
& Maher, 1953). 

2. The honeydews produced by Eucallipterus 
tiliae L.., Eulecanium coryli L. and Psyllopsis fraxini- 
cola Frstr. have been similarly examined. 

3. Although the honeydew of EL. tiliae was found 
to contain about 40 % of melezitose (cf. Maquenne, 
1893), analyses of the Tilia leaves on which it feeds 
showed the presence of not more than 2-5 mg. of 
melezitose/100 g. fresh wt.; the leaves contained 
about 1000 times as much sucrose. 

4. Whole LE. tiliae, when crushed in sucrose 
solution, brought about its hydrolysis and the con- 
comitant formation of melezitose and 4%-«-glucosyl- 
sucrose. 

5. The origin of melezitose is discussed in relation 
to these and other findings. 


We are deeply indebted to the late Mr J. Pryce-Jones, 
who initiated a correspondence with one of us (J.8. D. B.) in 
1951, and lent us his collection of references and other 
papers relating to the occurrence of melezitose in honey ; and 
also to Dr T. E. Mittler, Department of Zoology, Birkbeck 
College, for helpful discussions, and information about his 
own and other work on the problem. We wish to thank 
Professor E. J. Bourne, then of the Department of Chemistry, 
Birmingham University, for examining the infrared spectra 
of melezitose samples; Mr J. P. Doncaster, of the British 
Museum (Natural History), for the identification of aphids 
and other insects: Dr Hewitt G. Fletcher, jun., for a gift of 
authentic melezitose; Mr G. P. Hill, of the Department of 
Botany, Nottingham University, for samples of willow sap 
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collected by the technique of Kennedy & Mittler; Mr G. D. 
Holmes, of the Forestry Commission, Wrecclesham, for 
seeds of Larix spp. and instructions in germinating them; 
Dr Nagelschmidt and his colleagues of the Safety in Mines 
Research Establishment, for help in the identification of 
melezitose (see Addendum); Dr C. D. Pigott, of the Depart- 
ment of Botany of this University, for identifying the 
samples of Tilia leaves used; Mr A. Snoddy, Curator of the 
Sheffield Botanic Gardens, for permission to collect material ; 
and Mr D. J. Williams, of the Commonwealth Institute of 
Entomology, for identifying the scale insect. During part of 
the work technical assistance was provided by the Agri- 
cultural Research Council, whose help we gratefully 
acknowledge. 
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ADDENDUM 


X-Ray Data for Melezitose 


By O. G. GRIFFIN 
Safety in Mines Research Establishment, Sheffield 1 


(Received 23 October 1956) 


Hehre & Carlson (1952) have published an X-ray 
powder photograph of melezitose. Dr Hewitt G. 
Fletcher, jun., who obtained it, informed Dr Bacon 
that he did not intend to publish any more detailed 
information. It was therefore thought useful to 
present the following results, which confirm and 
extend his observations. 

Hydrated forms of melezitose. Richtmyer & 
Hudson (1946) were of the opinion that the stable 
form of melezitose was the monohydrate. They found 


that samples of the dihydrate lost weight when left 
exposed to the air in their laboratory. This loss 
of weight, which corresponded to the loss of one 
molecular proportion of water, was rapid with 
powdered specimens (3 days) but slower with larger 
crystals (about 2 weeks). A sample of melezitose 
kindly sent from Dr Hudson’s laboratory by 
Dr Fletcher was essentially the monohydrate 
(C,gsH320,,,H,O), 470mg. losing 20mg. when 
heated for 15 hr. at 100° at 0-5 mm. Hg (calc. loss for 
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conversion of monohydrate into anhydrous form: 
16 mg.), and regaining 18 mg. on exposure to the 
air of the laboratory. 

When another sample was recrystallized by 
dissolving 0-5 g. in 1 ml. of water, warming, adding 
3 ml. of absolute ethanol and leaving it to stand 
overnight, the large crystals obtained corresponded 
to a dihydrate, 339 mg. losing 23 mg. in 18 hr. at 
100° at 0-5mg. Hg (eale. loss for conversion of 
dihydrate into anhydrous form: 23 mg.), and 
retaining 12 mg. on exposure to laboratory air. 

The X-ray diffraction patterns of the mono- 
hydrate and the dihydrate showed clear differences 
by which the two substances could readily be 
distinguished (see below). By using the diffraction 
pattern as an indication of the state of hydration it 
was found that crystals of the dihydrate, even when 
powdered, did not lose water in the air of this 
laboratory to any significant extent during 3 weeks. 
However, when placed in a desiccator over CaCl, 
they were converted into the monohydrate in less 
than 5 days. A sample of the sugar, recrystallized 
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from about 90% ethanol by dissolving 0-1 g. in 
0-4 ml. of 50% (v/v) aqueous ethanol and adding 
1-6 ml. of absolute ethanol, was found to be the 
monohydrate (cf. experiment of Dr W. T. Haskins, 
quoted by Richtmyer & Hudson, 1946). 

It would thus seem that the loss of water from 
melezitose dihydrate cannot in all laboratories be 
as fast as that observed by Richtmyer & Hudson in 
the National Institute of Health, and it may be, for 
example, that under Tanret’s working conditions 
(Tanret, 1906; see also Hudson, 1946) the dihydrate 
was as stable as it is under our own. 


- 


The anhydrous melezitose takes up water so | 


rapidly that the time taken to transfer the sample 
into a sealed-glass capillary is sufficient for it to 
change into the monohydrate. It is probable that 
an X-ray pattern of the anhydrous melezitose can 
only be obtained if it is sealed into a glass capillary 
under vacuum; this has so far not been done. 
X-ray data. X-ray powder-diffraction patterns 
of melezitose dihydrate and melezitose mono- 
hydrate were taken with filtered Co Ka radiation 


Table 1. Powder-diffraction data of melezitose monohydrate 


d Relative 
(A) intensities hkl 
12-00 0-02 110 
9-57 0-18 200 
8-10 0-02 210 
7-66 0-31 020 
120 
7.19 Sb 
7-12 0-13 b4 
6-82 0-33 oll 
6-43 0-08 111 
1 ee (310 
95 0-19 1201 
5-56 0-24 211 
5-41 0-03 021 
m9 we (121 
21 0-03 | 030 
4-89 1-00 400 





Table 2. Powder-diffraction data of melezitose dihydrate 


d Relative 

(A) intensities hkl 
12-12 0-13 110 
9-90 0-19 200 
1-75 0-71 020 
7-18 0-19 120 
6-75 0-54 011 
6-42 0-09 111 
6-18 O-15 (= 
= 1310 

5-58 0-69 211 
5-40 0-20 021 
ae = 301 
4-95 0-72 | tas 
221 

4-73 0-72 | 311 
410 
4:59 0-10 230 


d Relative 

(A) intensities hkl 
(221 

4-71 0:32 311 
410 

4-56 0-21 230 
4-25 0-05 031 
420 

4-13 0-38 pe 
4-06 0-42 330 
3-99 0-03 411 
500 

3-90 0-10 {231 
040 

; , 510 
3-82 0-01 | i 
3-71 0-14 102 

d "Relative 

(A) intensities hkl 
(321 

4:17 1-00 131 
(420 

4-00 0-12 411 
wind 421 
3-65 0-21 ae 
331 

3-58 0-41 112 
430 

3-43 0-23 212 
in hn atl 
“ , 600 
3-29 0-27 toa 
‘aie (302 
3-25 0-37 31 
2-75 0-31 {332 


(502 
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(A=1-:790A) on a camera of diameter 114-6 mm. 
The principal diffraction lines measured, together 
with their intensities, are summarized in Tables 1 
and 2. 

Oscillation and Weissenberg photographs of a 
single crystal of the monohydrate showed the 
crystal to be orthorhombic, and together with 
powder data the unit cell is calculated to be 
a=19-62+0-20, b=15-544+0-16, c=7-56+0-07A. 
The assignment of four molecules to the unit cell 
gives a calculated density of 1-505 g./em.* compared 
with a measured density of 1-51 g./em.* (pyecnometer 
method). 

X-Ray powder diffraction lines of the dihydrate 
were indexed on the basis of an orthorhombic cell 
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with dimensions a= 19-80+ 0-20, b= 15-65 + 0-16, 
c=7-51+0-07A. The observed density (by flotation 
method) of 1-55 g./em.* (ef. Pionchon, 1897) agrees 
with the calculated value of 1-54 g./em.’*. 

The permission of the Ministry of Fuel and Power to 
publish this note is gratefully acknowledged. 


REFERENCES 
Hehre, E. J. & Carlson, A.S. (1952). Arch. Biochem. Biophys. 
36, 158. 
Hudson, C. 8. (1946). Advance. Carbohyd. Chem. 2, 1. 
Pionchon, J. (1897). C.R. Acad. Sci., Paris, 124, 1524. 
Richtmyer, N. K. & Hudson, C. 8. (1946). J. org. Chem. 11, 
610. 
Tanret, G. (1906). Bull. Soc. chim., Paris, 35, 816. 


The Preparation and Properties of Ribonucleic Acids from Rat Liver 
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Fulham Road, London, S.W. 3 
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Early methods of preparing ribonucleic acid (RNA) 
from mammalian tissues and yeast involved the use 
of alkali (Levene & Bass, 1931), but it is now recog- 
nized that this process necessarily involves a con- 
siderable amount of degradation (cf. Allen, 1954). 
On the other hand, if very mild conditions are used 
there is a danger of degradation by ribonuclease 
during the preparation. 

Attempts have been made to inactivate the 
ribonuclease without affecting the RNA, but none 
of the substances used seems to be entirely satis- 
factory. Thus Grinnan & Mosher (1951) used 4m- 
guanidine hydrochloride as a denaturing agent, 
followed by heat to remove the protein. This 
yielded a product stated to have a sedimentation 
coefficient S = 10s corresponding to a high molecular 
weight (about 260000). Gulland, Barker & Jordan 
(1945) have shown, however, that guanidine hydro- 
chloride denatures deoxyribonucleic acid, and the 
probability of such action upon RNA, followed by 
aggregation, cannot be overlooked. Kay & Dounce 
(1953) have used sodium dodecyl sulphate as a 
protein precipitant and they obtained material in 
50% yield having sedimentation coefficients of 
about 3s, corresponding to a molecular weight 
value of 2-3x 104. It has since been shown by 
Ailen (1954) that dodecyl sulphate does not com- 
pletely inactivate ribonuclease under the conditions 
obtaining in this method of preparation. Strong 
salt will split a certain proportion of the cytoplasmic 
nucleoprotein, but only on prolonged standing, and 


RNA thus obtained by Kerr & Seraidarian (1949) 
showed evidence of considerable enzymic depoly- 
merization. 

In the course of investigating these methods, it 
was found that after mild acid treatment a large 
part of the nucleic acid was easily separated from 
the associated protein and lipid by a short period of 
heating in salt solution. The protein flocculated and 
precipitated, leaving most of the nucleic acid in 
solution together with a small amount of protein 
which could readily be removed by digestion with 
chymotrypsin. It was also found that this process is 
effective with isolated cell fractions. The ribonucleic 
acids obtained have sedimentation coefficients in 
the range 2—3s, corresponding to molecular weights 
of 2-3 x 104. It is possible that the ribonucleic acids 
of high molecular weight obtained by some other 
workers are artifacts produced by aggregation of 
particles as a result of the reagents employed. It 
must be admitted, however, that some depoly- 
merization may occur during the heating process. 


SXPERIMENTAL AND RESULTS 


Preparation of ribonucleic acids from whole cytoplasm. 
Freshly excised and chilled rat livers were minced and 
homogenized for 30 sec. in 9 vol. of 0-14m-NaCl in a Waring 
Blendor, and nuclei, cell debris and unbroken cells were 
removed by centrifuging at 1200 gfor10 min. Alloperations 
up to the heating process were carried out below 3° and as 
quickly as possible to minimize enzymic degradation. The 
crude nucleoprotein was obtained as a white precipitate by 
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acidifying to pH 4-5 with M-HCl and was collected by centri- 
fuging at 1200g for 15 min. This step was found to be 
essential for efficient removal of protein at later stages. 
Attempts were made at this stage to remove protein by the 
addition of pepsin, trypsin and chymotrypsin; they were 
unsuccessful, perhaps owing to blocking of the enzymes by 
lipid material. 

A fairly complete separation of the protein and nucleic 
acid was obtained by heating the acid precipitate at 
neutrality in salt solution. After dispersing in 2mM-NaCl 
(1 1./150 g. of rat liver) and adjusting to pH 7 with 0-1m- 
NaOH, the suspension was heated for 10 min. at 80° with 
continuous mechanical stirring. These optimum conditions 
were found from trial runs, shown in Table 1, yields being 
calculated as a percentage of the RNA present in the starting 
material as given by Thomson, Heagy, Hutchison & 
Davidson (1953). While higher temperatures gave products 
with high sedimentation coefficients, these were not the 
result of increased extraction of highly polymerized material, 
as the yields were usually lower. Northrop & Sinsheimer 
(1954) have found aggregation of RNA to occur on heating 
at high temperature for several minutes. 

After heating and cooling rapidly again to room temper- 
ature, the flocculated precipitate was removed by centri- 
fuging, leaving a lemon-yellow supernatant. This contained 
the extracted RNA, which could be precipitated by the 
addition of 2 vol. of 98% ethanol to give products with 
N/P ratios in the region of 2. Purified products were 
obtained by digesting the supernatant with chymotrypsin at 
pH 7-5 for 16 hr. before precipitating with ethanol. The 
RNA was then reprecipitated from isotonic NaCl solution 
and finally washed with 70, 75, 80 and 90% (v/v) ethanol— 
water mixtures. It could be dried with ethanol and acetone, 
or by freeze-drying. This gave samples of RNA having N/P 
ratios of 1-7, which on hydrolysis and paper chromatography 
were shown to contain ribose, adenine, guanine, uracil and 
cytosine, with only a trace of thymine corresponding to less 
than 2% of DNA. The biuret reaction was negative and 
chromatography of the acid hydrolysate revealed less than 
1% of protein. 

Preparation of ribonucleic acids from cytoplasmic fractions. 
Three cell fractions were prepared by the method of 
Schneider & Hogeboom (1951). The cytoplasmic homogenate 
was prepared in 9 vol. of 0-25m-sucrose with a Potter- 
Elvejhem homogenizer fitted with a Teflon (polytetra- 
fluorcethylene) pestle. Nuclei, unbroken cells and cell 
debris were removed by centrifuging at 1200 g for 15 min. 
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Fraction I was brought down at 10 000g for 20 min. and 
washed once by resuspending in 0-25M-sucrose and centri- 
fuging again. Fraction II was obtained at 36 000g for 
1-5 hr., leaving the supernatant (fraction ITI). 


Fractions I and II were suspended in 0:14M-NaCl and all ’ 


three were acidified and heated, as in the whole cytoplasm 
preparation. Fraction I, predominantly a ‘mitochondrial’ 
fraction, was contaminated with considerable amounts of 
‘microsomal’ RNA (see Table 2), owing to the inadequate 
fractionation obtained by the method of Schneider & 
Hogeboom. The degree of contamination depends on 
whether the ‘fluffy’ layer (Schneider & Hogeboom, 1951) 
is added to fraction I (preparation A) or fraction II (pre- 
paration B). Sufficient resolution is obtained between 


' 


fractions II and III to justify a comparison of their pro- | 


perties. 
RNA was also prepared from fraction II by the sodium 
dodecyl sulphate method of Kay & Dounce (1953). 


Base analysis of ribonucleic acids 


Base analysis of the various preparations was 
made by the method of Wyatt (1951). Hydrolysis 
was carried out with 72% HClO, for 1 hr. Results 


Table 1. Influence of experimental conditions 
on amount and nature of the product 


Yield 
Product (pptd. by 
Conditions of heating ———~"—_——_- ethanol) 
in 2u-NaCl N/P Soo(8) (%) 
50°/30 min. No flocculation _ 
60°/10 min. 1-93 2-18 20 
80°/10 min. 1-70 2-12 50 
80°/30 min. 1-71 3°38 20 
100°/5 min. 2-01 5-2 20 
100°/10 min. 1-87 2-76 15 
100°/30 min. = -- Negligible 


Table 2. 


Fraction no. (mg./250 g. of liver) 


Table 3. Base composition of RNA prepared from rat liver 


SDS, Sodium dodecyl] sulphate as protein precipitant. (Molar ratios with respect to adenine = 1.) 


Preparation Guanine Cytosine Uracil 
RNA sample 48 Whole cytoplasm 1-74 1-53 0-82 
RNA sample 55 Whole cytoplasm 1-76 1-51 0-83 
RNA sample 101/1 Fraction II 2-09 1-75 0-91 
RNA sample 101/3 Fraction III 1-80 1-56 0-82 
RNA Whole cytoplasm (SDS) 2-75 2-23 0-73 
RNA sample 101/4 Fraction IT 2-47 2-01 0-90 
(SDS) 
RNA sample 100/2 Fraction IT 2-58 2-13 0-83 
(SDS) 
RNA Whole cytoplasm* 1-75 1-36 0-81 


Preparation a II Ill 

A 340 80 225 

B 100 160 215 
(Adenine + 


uracil) : (guanine + 


6-Amino:6-keto Purine: pyrimidine cytosine) 


0-99 1-17 0-56 
0-97 1-18 0-60 
0-92 1-16 0-50 
0-98 1-18 0-54 
0-93 1-27 0°35 
0-89 1-19 0-42 
0-92 1-21 0-39 
0-93 1-27 0-58 


* Crosbie, Smellie & Davidson (1953): HClO, hydrolysis. 


) 


Yields of RNA prepared from cell fractions 
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are given in Table 3 as moles of base:moles of 
adenine. 

It is seen that ribonucleic acids obtained from 


cell fractions by the heat preparation do not differ 
appreciably in composition from the whole cyto- 
plasm RNA as regards base composition. These 
results agree closely with those of Crosbie, Smellie & 
Davidson, which are included in Table 3. The ratio 
of 6-amino base to 6-oxo bases is constant and near 
to unity for all the preparations, as found by Elson & 
Chargaff (1955). [That the values are uniformly less 
than one may be due to the method of hydrolysis 
(Crosbie et al. 1953)]. 

RNA prepared from fraction II by the detergent 
method differs markedly in base composition from 
RNA prepared by the heating method, as shown by 
the ratio (adenine + uracil) : (guanine + cytosine). 
However, the purine : pyrimidine ratio is unaffected, 
as is the ratio of 6-amino groups: 6-oxo groups. 


Sedimentation analysis 


The sedimentation behaviour of the preparations 
was studied with a Spinco analytical ultracentri- 
fuge. As a rule, only one broad peak was observed, 
as is shown for a 1 % solution of RNA sample 82 in 
10:-4M-NaCl in Fig. 1 (c) (So, y= 2° 
in a few cases, a double peak was observed ; e.g. with 
RNA sample 48, obtained by heating the whole 
cytoplasm homogenate at 100° for 10 min., without 
subsequent treatment with chymotrypsin, a 1% 
solution in water gave two peaks, as shown in 
Fig. 1 (a), with Sy) ,=4:06s (A) and 2-32s (B). It 
was thought that the material A might be an 
aggregated form cf B and 2M-urea was added to the 
solution in an attempt to break up such aggregates. 
Under these conditions, however, two peaks were 
again observed [Fig. 1 (b)] with sedimentation 
coefficients, corrected for changes of density and 
viscosity (So y= 2'9s and 2-1s). After dialysing 


5s). However, 
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out the urea the sedimentation coefficients returned 
approximately to the original values (Soo , =4:23s 
and 1-91s). The results show that A undergoes some 
changes of shape or aggregation in urea, but it does 
not become identical with B. This means that they 
are probably two distinctly different substances. 
Since the N/P ratio for this preparation was 2-05, it 
contains about 20 % of protein and the component A 
is thus probably a nucleic acid—protein complex. It 
may be noted that in preparations treated with 
chymotrypsin to remove protein no such double 
peaks have been observed. 

Anestimate of the molecular weight, as calculated 
from the mean sedimentation coefficients (deter- 
mined 1% solution in 0-14m-NaCl) and the 
diffusion coefficients, determined in the Perkin— 
Elmer electrophoresis apparatus (1% solutions of 
RNA, which had been dialysed against phosphate 
buffers, pH 6-8, at ionic strength 0-2) is given in 
Table 4. The value of the partial specific volume of 
RNA used in the calculations was 0-523 (Deleambe 
& Desreux, 1950). 

Such values, calculated from sedimentation and 
diffusion coefficients measured at finite concentra- 
tion, can be only approximate. However, since 
Grinnan & Mosher (1951) found that S,. for their 
RNA of rat liver varied little with concentration up 
to 1%, and since Cohen & Stanley (1942) found that 
Dy for the RNA of tobacco mosaic virus changed by 
only 20 % between zero concentration and 0-6 %, it 
is likely that these values for the molecular weights 
are of the right order of magnitude. 


in 


Table 4. Sedimentation and diffusion data 
for RNA from cell fractions (see text) 





———J 























Fraction Sson(S) 10? Doow Mol.wt. 
II (microsomal) 3°70 7-0 26 000 
III (supernatant) 2-4 10-6 11 000 
_— = ] See ees 
| 
} 
1 
' — : 
a See a 











(a) 
Fig. 1. 


(b) 


Sedimentation pictures of various preparations of RNA: (a) RNA sample 48, showing 


double peak in water 


(49 min.); (6) RNA sample 48, showing double peak in 2M-urea (55 min.); (c) RNA sample 82 (fraction ILI), showing 
single peak (25 min.). Pictures were taken after various times at 59000 rev./min. 
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Fig. 2. Titration curves of RNA sample 55 (from whole 
cytoplasm): I, starting from neutrality to pH 2-6 and 
then to pH 11; II, starting at pH 7 to pH 11 and then to 
pH 2-6. 





Titration curves 

The preparation RNA sample 55 was titrated 
from neutrality both in the acid and alkaline 
direction and the pH values were obtained with a 
Doran Alkacid glass electrode (L.S.B. Components 
Ltd., Stroud), and in each the forward titration was 
succeeded by a back titration through the whole 
accessible range of pH (Fig. 2). No significant 
amount of hysteresis is observed between the forward 
and back titrations. 


DISCUSSION 


The method of preparation of RNA by heat de- 
naturation of the protein has the great advantage of 
speed, since the time during which the nucleoprotein 
preparation is above 3° is much less than with some 
other processes. It would appear that as the RNA 
is quite stable after the heating process, the ribo- 
nuclease present is removed with the flocculated 
protein. The molecular weight of the product is 
similar to that of the preparation of Kay & Dounce 
(1953) and Volkin & Carter (1951). The higher 
molecular weights found by Grinnan & Mosher 
(1951) are not obtained. It is not certain, however, 
that no degradation occurs during the preparation, 
especially since heating for a longer period produces 
a more degraded product. The absence of hysteresis 
in the titration curves means that in the preparation 
examined evidence of a hydrogen-bonded 
structure was obtained. 


no 
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SUMMARY 


1. A method of preparation of ribonucleic acid 
from rat liver is described involving heat denatura- 
tion and separation of the protein and lipid com- 
ponents. It has also been applied to cytoplasmic 
fractions. The yield is, in general, not greater than 
50 %. 

2. The ribonucleic acids obtained have mole- 
cular weights between 10000 and 30000. The 
composition of the ribonucleic acid obtained 
from the microsome fraction differs appreciably 
from that obtained by the sodium dodecy] sulphate 
method. 
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A Study of the Cytochromes of Octopus vulgaris Lam. 


By ANNA GHIRETTI-MAGALDI, A. GIUDITTA anp F. GHIRETTI 
Department of Physiology, Stazione Zoologica, Naples, Italy 


(Received 6 November 1956) 


The presence of haematin compounds in those 
animals which have a copper pigment that serves 
as an oxygen carrier was first observed in 1886 by 
MacMunn. In 1925, Keilin confirmed MacMunn’s 
observations and found cytochrome in several 
groups of invertebrates devoid of haemoglobin. 

In 1940, Ball & Meyerhof, by direct spectroscopic 
observations, indicated the presence of iron— 
porphyrin compounds in some marine animals whose 
blood pigment is haemocyanin; they found cyto- 
chromes a, b, c and cytochrome oxidase in the heart 
and some body muscle of molluses and crustaceans. 
In 1946, however, Warburg suggested that all those 
organisms might have also enzymes which are 
capable of transporting oxygen by means of copper. 
No further information can be found in the liter- 
ature, and it is generally accepted that the process of 
oxygen utilization in molluscs is similar to that in 
mammals except for the substitution of haemo- 
cyanin for haemoglobin as oxygen carrier. 

This paper brings direct evidence, based upon 
spectrophotometric and enzymic investigations, for 
the presence in particles isolated from the body 
muscle of Octopus vulgaris of a cytochrome system 
composed of cytcchromes a, a;, b and c. This 
evidence, however, does not exclude the possibility 
that other systems are operating in the terminal 
respiration of Octopus. 


MATERIAL AND METHODS 


Muscle preparation. The animal was bled and perfused 
with sea water according to the method commonly used in 
this laboratory (Bacq & Ghiretti, 1953). After half an hour 
no trace of haemocyanin was present in the perfusion liquid. 
The skinned mantle and tentacle muscles were collected and 
frozen at — 20° before grinding in a meat grinder. All further 
manipulations were performed at about 3°. The ground 
material was weighed and suspended in about 5 vol. of cold 
distilled water for 30 min. The suspension was passed 
through cheese cloth and the solid material resuspended in 
the same volume of water. This treatment was repeated five 
times. At the end of this procedure the water was squeezed 
through muslin and the material was homogenized in cold 
phosphate buffer (0-1m, pH 7-3) in a Waring Blendor for 
7min. About 2-5 1. of buffer was used/kg. of frozen muscle. 
The thick suspension so obtained was centrifuged at 2000 g 
for 30 min.; the sediment was collected, resuspended in an 
equal volume of buffer and again centrifuged. The combined 
supernatants were centrifuged at 30000 g for 1 hr. in the 


Spinco preparative centrifuge. The small sediment was 
washed in phosphate buffer and then suspended in an 
amount of the same buffer to give approx. 50 mg. dry wt./ml. 
This preparation can be stored at — 20° for several days. 

Difference spectra. All spectrophotometric measurements 
were made with a DU Beckman spectrophotometer with 
a photomultiplier attachment, 1 cm. light path cuvettes 
specially designed for work in anaerobiosis being used. The 
difference spectra (the difference between the reduced and 
the steady-state oxidized forms of the pigments present) 
were taken on the original thick particle suspension (about 
50 mg. dry wt./ml.). 

Enzyme activities. Oxygen uptake was determined mano- 
metrically at 24°. The activity of the complete succinic 
oxidase system was measured in the presence of excess of 
cytochrome c. Final concentrations in the Warburg flasks 
were: phosphate or aminotrishydroxymethylmethane 
(tris) buffer, 0-15m; succinate, 0-05mM; cytochrome c, 
2-5 x10-5m. Final volume, 3-0 ml.; 0-5 ml. of the original 
particle suspension was used in all the experiments. 
Succinic dehydrogenase activity was determined in the 
presence of KCN and of methylene blue (Slater, 1949a). 
Final concentrations were: phosphate or tris buffer, 0-15™; 
succinate, 0-05m; methylene blue, 0-001M; cyanide, 0-01 M. 
Neutralized KCN and succinate were added from the side 
arm. 

The activity of cytochrome oxidase was determined by 
the method recommended by Slater (1949b). Carbon 
monoxide inhibition and its light reversibility were measured 
according to Warburg (1927). 

Chemicals. Eastman Kodak 
crystallized twice by ethanol precipitation; cytochrome c 
was prepared from ox heart according to Keilin & Hartree 
(1937); diphosphopyridine nucleotide (DPN) 60% purity 
was purchased from Pabst; reduced DPN (DPNH) was 
obtained by reduction with alcohol dehydrogenase and was 
isolated as the tris buffer salt according to Loewus, West- 
heimer & Vennesland (1953). 


sodium succinate was 


RESULTS 
Difference spectra 
Fig. 1 shows the difference spectra (difference 
between the reduced and the oxidized forms) of the 
cytochromes in a suspension of particles from 
muscle. Reduction was obtained by addition, in the 
absence of air (gas phase, hydrogen), of solid sodium 
succinate (curve A) or dithionite (curve B). 

The « band of cytochrome a is present at 605 mp; 
the combined « bands of cytochromes 6 and ¢ are 
at 560 mp. The band at 522-525 my corresponds 
approximately to the 6 bands of eytochromescand b. 
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A small shoulder at 485 my is very similar to the 
band attributed by Keilin & Hartree (1939) to an 
oxidized flavoprotein (it disappears on further 
reduction with dithionite). The presence of flavo- 
proteins is demonstrated by the trough at about 
470 mu. In the Soret region only one band is 
present at 445 my which corresponds to the y band 
of cytochrome a;,. 

Further with dithionite (curve B) 
results in an increase of the optical density of the 


reduction 
peaks. Moreover a shoulder appears at 435 mp 
corresponding approximately to the y band of 
cytochrome b. The increase of the optical density 
might be an indication of the partial inactivation of 
the cytochromes present, or of the presence of 
particles devoid of succinic dehydrogenase and 
therefore not reducible by succinate. 

The y band of cytochrome c is not visible in these 
spectra. However, it is difficult to detect the y band 
of cytochrome ec in difference spectra. Difference 
spectra from bacteria (Smith, 1954) and from heart 
muscle and Acetobacter pasteurianum (Chance, 
1952), all of which contain cytochrome c, do not 
show the y band of this pigment. Even the difference 
spectra of rat-liver mitochondria taken with a very 
sensitive instrument show only a very faint y band 
of cytochrome c, whereas its « band is clearly 
detectable (see fig. 8, Chance & Williams, 1956). 
This difficulty is probably related to the fact that 
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Fig. 1. Difference spectra of the cytochromes in a suspen- 


sion of particles from muscle (50 mg. dry wt./ml.). Pre- 
paration N. 3. Curve A (@—®), reduction with sodium 
succinate; curve B(+ —-— +), reduction with dithionite. 
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the band of reduced cytochrome ¢ is very near to the 
Soret band of oxidized cytochrome b and can there- 
fore be cancelled by it in the difference spectra. 
Better signs of the presence of cytochrome c will be 
seen in Fig. 3. However, cytochrome c is certainly 
less abundant than cytochromes a, and b. This might 
well be due to losses of this water-soluble component 
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DPNH. Preparation N. 4. 
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during the preparation, as will be seen in Fig. 5, 
which shows the effect of added cytochrome c 
on succinate oxidation. Since the preparation of 
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Fig. 4. Difference spectra of a particle suspension treated 
with carbon monoxide. Preparation N. 7. Solid line: 
ascorbic acid-treated, minus oxidized; broken line: 
ascorbic acid + carbon monoxide-treated, minus ascorbic 
acid-treated. 
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Fig. 5. Oxidation of succinic acid by a suspension of muscle 
particles alone (curve A) and in the presence of added 
cytochrome c (2-5 x 10-5; curve B). 
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muscle particles requires several prolonged washings 
with water, the results obtained with different 
preparations are not identical. 

The effect of reduction by addition of DPNH is 
shown in Fig. 2. The « bands of cytochromes a, band 
¢ are observed as well as a small £8 band of b and c. 
The shoulder at 485 my and the sharp peak in the 
Soret region at 445 my are also present. The y band 
of cytochrome b is not visible. 

In Fig. 3 the spectrum obtained by reduction with 
ascorbic acid is reported. In addition to the bands 
already observed after reduction with succinate and 
DPNH, it shows a small peak at 415 my corre- 
sponding to the y band of cytochrome c and a large 
one at 345 my probably due to the presence of 
reduced pyridine nucleotides. 

Cytochrome a, was identified also by the spectral 
study of its carbon monoxide compound. For this 
purpose the particle suspension was treated with 
ascorbic acid and then saturated with carbon 
monoxide. (The ascorbic acid plus carbon monoxide 
compound was read against the ascorbic acid-treated 
suspension.) Fig. 4 shows the difference spectra, 
a trough at 445 my and a peak at 430 mp, between 
carbon monoxide-treated and reduced pigment. 
The corresponding values for heart-muscle particles 
from pig heart and for yeast according to Chance 
(1953) are at the very same position; older measure- 
ments from action spectra by Melnick (1942) do not 
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Fig. 6. Oxidation of cytochrome ¢ by a suspension of 
muscle particles. Cytochrome was reduced with p- 
phenylenediamine (curve A), quinol (curve B) and 
ascorbic acid (curve C’). Curves A’, B’ and C’: O, uptake 
in the absence of cytochrome c. 
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Fig. 7. Effect of alternate darkness and illumination on the 
oxidation of cytochrome ¢ by a suspension of muscle 
particles in the presence of carbon monoxide. 


agree with these values, but the Chance’s evidence 
obtained from action spectra and from difference 
spectra seems decisive. 


Oxidation of succinate 


Sodium succinate was readily oxidized by the 
tauscle preparation. The activity of the complete 
succinic oxidase system was measured in air with 
and without addition of cytochrome c. The effect 
of substrate concentration and of pH were also 
studied. 

Addition of cytochrome c increased the oxidation 
of succinate (Fig. 5). High concentrations of sub- 
strate (up to 0-25m) caused a definite inhibition. 
Addition of malonate (8x 10-*m) inhibited the 
oxidation of succinate. The optimum for both the 
activities (succinic oxidase system and succinic 
dehydrogenase) was found at pH 8-2. The pH 
optimum of mammal succinic dehydrogenase is 
7:3; that of sea urchin sperm is 7-0 (Ghiretti & 
Libonati, 1957). 


Cytochrome oxidase activity 


The cytochrome oxidase activity of muscle- 
particle suspensions was determined by measuring 
the rate of oxidation of reduced cytochrome c. The 
cytochrome c was reduced by ascorbic acid, quinol 
or p-phenylenediamine (Fig. 6). In Fig. 7 a typical 
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experiment of carbon monoxide inhibition of cyto- 
chrome oxidase and its reversibility by light is 
reported. The inhibition corresponded to 64% of 
the initial rate. 


DISCUSSION 


The existence of a cytochrome system composed of 
cytochromes a, a, b and c which can operate in the 
terminal respiration of Octopus vulgaris is demon- 
strated in these experiments. All the cytochromes 
found are identical with those of mammals and 
yeast as shown spectrophotometrically and en- 
zymically. 

The question whether this is the only operating 
system in the terminal respiration of Octopus vulgaris 
is still open. Beside iron the muscle contains copper 
and flavins. The figures found (yg./g. dry wt.) are: 
47 Fe; 28 Cu; 2-5 flavin mononucleotide and 
4-2 flavin-adenine dinucleotide (Ghiretti-Magaldi, 
Giuditta & Ghiretti, 1957). It was not possible to 
carry out inhibition experiments with cyanide and 
carbon monoxide on the respiration of whole 
muscle; this organ under the usual experimental 
conditions (slices or crude homogenate) has an 
extremely low Qo,- Moreover, a direct spectro- 
scopic observation in whole muscle fails to show 
absorption bands corresponding to any of the 
cytochromes. In our experiments we had to 
use a quantity of particle suspension correspond- 
ing to 10-15 g. of fresh tissue, an amount which 
obviously cannot be used when the respiration 
of fresh muscle is measured. 


SUMMARY 


1. A method of preparing isolated particles from 
the muscle of Octopus vulgaris is described. 

2. Difference spectra of the particles show the 
presence of a cytochrome system composed of cyto- 
chromes a, a3, 6 and c. 

3. Enzymic oxidation of succinate and cyto- 
chrome oxidase activity have also been demon- 
strated in these particles. 


Acknowledgements and thanks are made to Professor 
Enzo Boeri for his advice in this study and to Dr Kenneth 
Bailey for helpful discussion during the preparation of the 
biological material. 
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Isolation and Properties of Malic Dehydrogenase 
from Ox-Heart Mitochondria 


By D. D. DAVIES* ann E. KUNT 
Institute for Enzyme Research, The University of Wisconsin, Madison, Wisconsin, U.S.A. 


(Received 3 August 1956) 


Malic dehydrogenase, discovered independently by 
Batelli & Stern (1910) and Thunberg (1911), has 
been purified by Straub (1942) and recently has been 
isolated as a@ pure enzyme from acetone-dried 
powder of whole pig heart by Wolfe & Neilands 
(1956). 

The oxidation of meso- and p(—)-tartrate by 
mitochondria of animal tissues has been reported 
(Kun & Hernandez, 1956; Kun, 1956). However, 
these studies did not solve the problem of the de- 
hydrogenases involved in tartrate oxidation. Kun 
& Hernandez (1956) reported that various pre- 
parations of malic dehydrogenase oxidize meso- and 
D(—)-tartrate ‘to a small and varying degree’. 
Upon re-investigation, we have found that all 
preparations of malic dehydrogenase consistently 
demonstrate activity toward these two isomers of 
tartaric acid and that the relative activities remain 
constant. These observations have led us to in- 
vestigate the specificity of malic dehydrogenase. 

The specificity of malic dehydrogenase has not 
previously been studied in detail, though Green 
(1936) reported that the enzyme did not oxidize 
D-malate or dihydroxyfumarate. Evidence will be 
presented for the view that malic dehydrogenase is 
an «-hydroxydicarboxylic acid dehydrogenase, cat- 
alysing the following reactions between substrate 
and diphosphopyridine nucleotide (DPN). 


(1) L-Malate + DPNt 

= oxaloacetate + reduced DPN (DPNH)+H™. 
(2) D(—)- or meso-Tartrate + DPN* 

= oxaloglycollate + DPNH + H*. 


* Rockefeller Fellow. Present address: Department of 
Botany, Kings College, Strand, London, W.C. 1. 

+ Established Investigator of the American Heart 
Association. 


(3) Oxaloglycollate + DPN* 
= dioxosuccinate + DPNH + Ht. 


(4) Tartronate + DPN* 
= mesoxalate (oxomalonate) + DPNH +H”. 


(5) «-Hydroxyglutarate + DPN* 
= «-oxoglutarate + DPNH + H*. 


EXPERIMENTAL 


Materials 


The following substances were commercial preparations: 
diphosphopyridine nucleotide (DPN) 90% pure, reduced 
diphosphopyridine nucleotide (DPNH) 80% pure, amino- 
trishydroxymethylmethane (tris) and disodium ethylene- 
diaminetetra-acetic acid (EDTA) from the Sigma Chemical 
Co., dihydroxyfumaric acid, dihydroxytartaric acid (the 
hydrate of dioxosuccinic acid), sodium mesoxalate (sodium 
oxomalonate) and sodium tartronate from the Aldrich 
Chemical Co., «-oxoglutaric acid, D( —)- and meso-tartaric 
acids from the California Foundation for Biochemical 
Research, and L-malic acid from Eastman Kodak Co. 
Oxaloacetic acid was prepared according to Heidelberger 
(1953). 
Analytical methods 

Spectrophotometric measurements were made with a 
Beckman model DU spectrophotometer equipped with a 
photomultiplier attachment, and with the Cary recording 
spectrophotometer. Silica cells of 1 em. light path and 1 ml. 
capacity were used for routine assay of enzyme activity, and 
cells of 10 and 5 cm. light path were used to obtain more 
accurate kinetic data. DPNH was determined by measure- 
ment of light absorption at 340 my, the extinction coefficient 
6-22 x 10° cm.? mole~! being used (Horecker & Kornberg, 
1948). Protein was determined by the method of Warburg & 
Christian (1942) and standardized by total nitrogen deter- 
mination of the most active and pure enzyme preparation. 
Assuming a nitrogen content of 16%, 1 mg. of enzyme 
protein/ml. gave an optical density at 280 my of 0-85 and 
a 280:260 my ratio of 1-35. 


20-2 
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for 10 min. Further (NH,),SO, (0-28 g./ml.) was added and 
after 30 min. the precipitate was collected by centrifuging 

The assay systems are described below. Though EDTA is oy 15 min.; it was dissolved in cold water and the solution 
an inhibitor of enzyme activity (Table 6), it was added to was dialysed for 2hr. against 20% (w/v) (NH,),S0, 
prevent spontaneous decarboxylation of the keto acids. The (fraction 3). 


Enzyme assays 


reaction was started by the addition of 0-05 ml. of enzyme, Ethanol fractionation. An equal volume of absolute 
diluted to give an optical density change of not more than —g¢hanol chilled to —15° was slowly added to the dialysed 


0-07/min. solution, which was vigorously stirred while its temperature 
Assay with oxaloacetate. Oxaloacetic acid (0-8 mg.), wag gradually lowered to — 15°. The heavy precipitate which 
DPNH (0-1 mg.), EDTA (0-8 mg.) and potassium phosphate —f9rmed was allowed to settle overnight at 0° and then 
buffer (0-1), pH 7-4, in a final volume of 1 ml. removed by centrifuging at 10 000g for 15 min. Ethanol 
Assay with dioxosuccinate. Dihydroxytartaric acid (0-5 vol.) chilled to — 15° was slowly added to the super- 
(1-33 mg.), DPNH (0-08 mg.), EDTA (0-8 mg.) and phos- _jatant and the temperature lowered to — 15°. When the 
phate buffer (0-5M), pH 6-7, in a final volume of 1 ml. addition of ethanol had keen completed, the suspension was 
Assay with oxaloglycollate. Dihydroxyfumaric acid  gtored in ice for 30 min. before collecting the precipitate by 
(0-8 mg.), DPNH (0-1 mg.), EDTA (0-8 mg.) and phosphate centrifuging (15 000g for 20 min.). The precipitate was 
buffer (0-5m), pH 6-7, in a volume of 0-9 ml. Magnesium = giggolyed in 0-02-phosphate buffer, pH 7-4, and dialysed 
sulphate (0-1m; 0-05 ml.) was added 3 min. before the against the same buffer for 3 hr. (fraction 4). 
way. Second ammonium sulphate fractionation. Powdered 
Assay with mesoxalate. Sodium mesoxalate (2 mg.), (NH,).SO, (0-3 g./ml.) was slowly added, and after 30 min. 
DPNH (0-1 mg.), EDTA (0-8 mg.) and phosphate buffer the small precipitate was removed by centrifuging for 
(0-5), pH 6-7, in a final volume of 1 ml. 10 min. Further (NH,),SO, (0-1 g./ml.) was added and 
Assay with «-oxoglutarate. Sodium a-oxoglutarate after 15 min. the precipitate was collected by centrifuging 
(3 mg.), DPNH (0-1 mg.) and phosphate buffer (0-1M), — for 15 min. and dissolved in 5 ml. of 0-02 m-phosphate buffer, 
pH 6-7, in a final volume of 1 ml. pH 7-0 (fraction 5). Powdered (NH,),SO, (0-5 g./ml.) was 
Under these conditions 1 unit of activity is defined asthe qded. and after 30 min. the precipitate was centrifuged 
smount of enzyme producing an optical density change of — gown for 20 min. and dissolved in 4 ml. of 0-02M-phosphate 
i-0/min., and specific activity is defined as the number of yu ffer, pH 7-0 (fraction 6). 


units/mg. of protein. Fractions 5 and 6 were dialysed for 4 hr. against 0-05m- 
Purificati ee phosphate buffer, pH 7-0, containing 10 mg. of cysteine/I. 
wrification of malic dehydrogenase The results of a typical experiment are shown in Table 1. 


The method of purification is based upon that of Straub Subsequently, it was found that a better yield, of the same 
(1942). Unless otherwise stated, centrifuging was performed __ specific activity as fraction 6, was obtained by replacing the 
at 20 000g in the high-speed head of the International second ammonium sulphate fractionation by electrophoresis 
Refrigerated Centrifuge. on starch, a procedure similar to that described by Rotman 

Extraction. Acetone-dried powder of ox-heart mito- & Spiegelman (1954). In addition, some batches of acetone- 
chondria (10 g.), prepared according to Drysdale & Lardy dried powder gave a fraction 4 which was light brown in 
(1953), was extracted with 50 ml. of water, the pH adjusted colour and had a lower specific activity than that given in 


to 8-0 with NaOH (0-1m) and the slurry mechanically Table 1. However, electrophoresis on starch separated the 
stirred for 30 min. The precipitate was removed by centri- coloured material and gave good preparations of malic 
fuging for 10 min., then re-extracted and centrifuged as dehydrogenase. 

described above. The supernatants were combined to give Electrophoresis on starch. Fraction 4 was brought to 80% 
86 ml. of a faintly turbid red solution (fraction 1). saturation by the addition of powdered (NH,),SO,; the 


Charcoal treatment. Norit A charcoal (200 mg. suspended __ precipitate, collected by centrifuging for 15 min., was dis- 
in 8 ml. of water) was added to the extract and stirred for _ solved in the minimum quantity of 0-05m-phosphate buffer, 
10 min. The charcoal was removed by centrifuging for pH 6-7, then dialysed for 3 hr. against the same buffer con- 
5 min., leaving a clear supernatant (fraction 2). taining cysteine (10 mg./l.). Starch was added to the 

First ammonium sulphate fractionation. Powdered enzyme solution'and the resulting paste was inserted into 
(NH,).SO, (0-3 g./ml.) was added with stirring, and after the centre of a starch block buffered at pH 6-7 with 0-05m- 
45 min. the heavy precipitate was removed by centrifuging phosphate. The starch block was held between glass plates 


Table 1. Purification of malic dehydrogenase 


Enzyme activity was assayed at pH 6-7 by measuring the oxidation of DPNH by oxaloacetate at 340 my in 1 ml. cells. 
A unit of activity is the amount of enzyme producing an optical density change of 1-0/min. 


Total Total Specific Purifi- 

Vol. activity protein activity Recovery cation 

Fraction (ml.) (units) (mg.) (units/mg.) (% factor 
1. Extract 86 22 360 860 26 100 ~- 

2. Charcoal supernatant 90 20 640 774 26-7 92 - 

3. (Nil,),SO, precipitate 32 12 200 128 95 55 3-6 
4. Ethanol precipitate 24 12 000 19 625 53 24 
5. First (NH,).SO, precipitate 6 6 720 6-6 1 000 — — 


6. Second (NH,),SO, precipitate 5 4 500 3-6 1 250 20 48 
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Fig. 1. 


Sedimentation pattern of purified malic dehydrogenase in 0-02M-phosphate buffer, pH 6-9. 
temp. 12-9°. Photographs were taken at 16 min. intervals ; migration from right to left. 


Force 244000 g. 





and kept cold by covering the glass plates with trays of 
cracked ice. Electrophoresis was performed in a cold room 
with a potential gradient of 5v/cm. and a current of 10 ma 
for 18 hr. 

The method of detecting the position of the enzyme in the 
starch block was based on the fact that DPNH fluoresces in 
ultraviolet light, whereas DPN quenches the fluorescence of 
filter paper. Thus if DPN is formed from DPNH on the 
paper, examination under ultraviolet light will show a dark 
area against a fluorescing background. 

After removal of the upper glass plate, a filter strip soaked 
in a solution containing oxaloacetate (5 x 10-4m), DPNH 
(0-1 mg./ml.), phosphate buffer (0-5m), pH 6-7, and EDTA 
(0-8 mg./ml.) was placed on the starch block and pressed 
against the starch with a glass roller. The filter strip was 
removed, dried at room temperature and examined under 
ultraviolet light. The position of malic dehydrogenase, 
located on the paper as a dark band against a fluorescing 
background, showed that the enzyme had moved about 
8 cm. towards the negative pole. The part of the starch block 
containing the enzyme was removed with a spatula and 
eluted by washing four times with 0-05M-phosphate buffer, 
pH 7-0. The eluate was brought to 80% saturation with 
(NH,),SO, and after 30 min. the precipitate was centrifuged 
down for 20 min., dissolved in 0-05m-phosphate buffer, 
pH 7-0, and dialysed for 4 hr. against the same buffer con- 
taining cysteine (10 mg./l.). When stored in stoppered tubes 
at 0° the enzyme lost 15-20% of its activity in 3 months. 

Unless otherwise stated, the temperature was maintained 
at 0° throughout the purification. 


RESULTS 
Molecular properties of malic dehydrogenase 

The diffusion coefficient (D) was determined at 2° in 
the Spinco electrophoresis—diffusion apparatus, 
model H. The Rayleigh interference patterns, 
analysed by the method of Longsworth (1950), 
indicated that a faster-moving impurity was 
present, but the patterns were not of sufficiently 
good quality to permit an estimate of the diffusion 
coefficient of the impurity. The diffusion coefficient 
at 2° was found to be 13-5 x 10-7 cm.? sec.-!. The 
diffusion coefficient of pure malic dehydrogenase is 
probably somewhat lower than this value. 

The sedimentation coefficient (S’)) was determined 
in the Spinco ultracentrifuge model E at 12-9°. The 














Fig. 2. Electrophoresis diagram of purified malic dehydro- 
genase. Tracing was made from a photograph of the 
descending limb of the Spinco microcell (2 ml.) after 
electrophoresis for 243 min. at 2° in 0-02mM-phosphate 
buffer, pH 6-9, with a current density of 4 ma. The small 
peak is given by the salt boundary. 


Table 2. Comparison of malic dehydrogenase isolated 


from ox heart and from pig heart 


Ox heart 
15 000—20 000 


Pig heart* 
40 000 +5 000 


Property 


Molecular weight 


Sedimentation coefficient 2-1 3-6 
(Svedberg units) 

Isoelectric point (pH) >6-9 6-1-6-4 

Optical density of 1 mg. 0-85 0-46 
of protein ml.-! em. 
at 280 mp 

Turnover number (malate 4 600 9 400 


oxidation at pH 10) 
* Data from Wolfe & Neilands (1956). 


sedimentation diagram (Fig. 1) showed some evi- 
dence of a slower-sedimenting material, which, 
however, was less than 10% of the sample. The 
sedimentation coefficient, corrected to 2°, was 2-1 
Svedberg units. Combining S and D, and assuming 
a partial specific volume of 0-75, gave a molecular 
weight of 15000. The molecular weight of pure 
malic dehydrogenase is probably somewhat higher, 
but probably not over 20 000. 
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The isoelectric point was not determined, but in 
phosphate buffer (0-05m) at pH 6-9 the protein 
moved to the negative pole as a single component 
in the Spinco electrophoresis—diffusion apparatus, 
model E (Fig. 2). Thus the isoelectric point is higher 
than 6-9. 

Table 2 gives a comparison of some of the pro- 
perties of purified malic dehydrogenase from ox- 
heart mitochondria and from pig heart. 


Specificity of malic dehydrogenase 

Evidence that a single protein catalyses the 
reduction of five «-oxodicarboxylic acids was ob- 
tained by comparing the activities throughout the 
purification and by a kinetic study of the inter- 
action of the substrates with the enzyme. 

Actwity ratios. The results collected in Table 3 
show that the activity ratios with different sub- 
strates were, within the limits of experimental error, 
constant throughout a 48-fold purification and were 
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also constant in the discarded fractions. The 
activity with «-oxoglutarate was very low, but the 
possibility that traces of glutamic dehydrogenase 
were responsible for the observed activity was 
eliminated by the following evidence. Addition of 
(NH,),SO, did not increase the rate of «-oxoglu- 
tarate reduction and the preparation did not 
oxidize glutamate. The additional fact that «-oxo- 
glutarate inhibits mesoxalate reduction (Table 5) 
supports the view that malic dehydrogenase 
catalyses a slow reduction of «-oxoglutarate. 

Attempts to separate the activities by gradient 
elution of (NH,),SO, precipitates and by gradient 
elution from alumina Cy and calcium phosphate gel 
were unsuccessful. Single peaks without any 
change in activity ratios were always obtained. 

Attempts to remove activity towards one sub- 
strate were also unsuccessful and protection of the 
enzyme by one substrate preserved activity to- 
wards other substrates (Table 4). 





Table 3. Activity ratios with «-oxodicarboxylic acids during purification of malic dehydrogenase 


Enzyme activity was determined at pH 6-7 by measuring DPNH oxidation at 340 my in 1 ml. cells. The following 
abbreviations are used: DOS, dioxosuccinate; DIHF, dihydroxyfumarate; OAA, oxaloacetate; MOX, mesoxalate; OG, 


a-oxoglutarate. 


Purifi- ; 

cation DOS: k 

Fraction factor DIHF 
1. Extract — 1-4 
2. Charcoal supernatant — 1-4 
(NH,),SO, (0-0-3 g./ml.) _— 1-4 
3. (NH,).SO, (0-3-0-58 g./ml.) 3-6 1-2 
4. Ethanol 24 0-9 
(NH,).SO, (0-0-3 g./ml.) nee 0-9 
5. (NH,).SO, (0-3-0-4 g./ml.) 38 0-9 
6. (NH,).SO, (0-4-0-6 g./mi.) 48 1-0 
Enzyme preparation from pig = 1-1 

heart* 


DIHF DOS OAA DOS DIHF MOX 
OAA OAA MOX MOX MOX 0G 
0-9 1-0 3-2 35 2-5 — 
0:8 1-2 2-7 31 2-2 ~ 
0-7 1-0 —- — — — 
0-9 1-0 2-2 24 1-9 2300 
11 1-0 2:5 2-6 2-8 — 
1-2 1-1 _ — — 
1-2 1-1 2-1 2-2 2-4 
1-2 11 2-2 2:5 2-6 2500 
11 1-1 23 2:5 2-0 2500 


* Sigma Chemical Co. 


Table 4. Effect of partial inactivation of malic dehydrogenase on the activity ratios 
with «-oxodicarboxylic acids 


After treatment, the enzyme (specific activity 900) was diluted 1 in 10 and its activity determined in 1 ml. cells as in 


Table 1. Abbreviations are the same as those in Table 3. kee . 
Activity ratios 








Activity it a a 
scopic “pos Dos 
Treatment OAA DIHF DOS OAA DIHF 
Control 0-3 0-27 0-32 0-9 1-2 
Heated at 50° for 3 min. 0-11 0-13 0-1 0-9 0:8 
Heated at 50° for 3 min. with mesotartrate 0-25 0-23 0:27 1-1 1-2 
(pH 6-7, 0-01m) 
Heated at 50° for 13 min. with mesotartrate 0-17 0-11 0-15 0-9 1-4 
(pH 6-7, 0-01m) 
Heated at 50° for 3 min. with t-malate 0-27 0-26 0-3 1-1 1-2 
(pH 6-7, 6-01m) 
Heated at 50° for 3 min. with acetate 0-005 0-003 0-005 1-0 1-7 


(pH 4-7, 0-01m) 
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Mixed substrates. If the reaction velocity with 
substrate 1 is v, and with substrate 2 is v,, the 
velocity v;, when both substrates are present, should 
be v, +», if different enzymes act on the substrates. 
However, if a single enzyme is involved, 





v,= Vi, max. S; ms Vo, max. S, 
an ’ 
S; S 
S,+K (14 +) S.+K (1+ 2") 
my, K sng 2 me K mt 


where V,,,,. represents the velocity in the presence 
of a saturating concentration of substrate, K,,, the 
Michaelis constant and S the concentration of sub- 
strate (Thorn, 1949). 

The reaction velocities, calculated per ml. of 
enzyme, were determined at different enzyme con- 
centrations, because the widely different rates made 
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it impossible to use the same concentration. How- 
ever, the velocity for mixed substrates was always 
determined at the enzyme concentration used for 
the single substrate giving the highest velocity. 
For the calculation of v, V,,,. was obtained from 
the equation 


max. 


oes - o(S a K,,)/S. 

The results presented in Table 5 show that »; is 
always less than v,, and that v, calculated for a 
single enzyme is in moderately good agreement with 
the observed velocity. 

Turnover numbers. Assuming a molecular weight 
of 15000, the turnover numbers with various sub- 
strates under different experimental conditions 
have been determined. The results are presented in 
Table 6. 


Table 5. Interaction of substrates with malic dehydrogenase 


a-Hydroxyacid oxidation was measured in cells containing substrate, tris buffer, pH 8-4 (0-1m), 1 mg. of DPN and 
0-05 ml. of enzyme in a volume of 3 ml. «-Keto acid reduction was measured in cells containing substrate, phosphate 
buffer, pH 6-7 (0-5m), 0-4 mg. of DPNH, 2-4 mg. of EDTA and 0-05 ml. of enzyme in a final volume of 3 ml. v, and v2 
(expressed as the change in optical density at 340 my/min./ml. of enzyme) are velocities with substrates 1 and 2 respec- 
tively; v, observed is the velocity with mixed substrates; v, calculated is the value obtained from the equation of Thorn 


(1949). 


v v 

Substrate 1 Substrate 2 ry Ve observed calculated 
Malate (2 x 10-°m) mesoTartrate (3 x 10-?m) 5-0 0-2 2-0 1-5 
Malate (2 x 10-m) D( — )-Tartrate (10-1m) 5-0 0-074 1-9 1-8 
Malate (2 x 10-3m) Tartronate (5 x 10-*m) 5-0 — 2-1 — 
mesoTartrate (3 x 10-°m) Tartronate (5 x 10->m) 0-2 —- 0-13 _- 
Oxaloacetate (2 x 10-5m) Dioxosuccinate (10-?m) 21-0 9-0 11-9 13-8 
Oxaloacetate (2 x 10-5m) Mesoxalate (10-?m) 21-0 3-6 13-6 14-8 
Dioxosuccinate (10-?Mm) Mesoxalate (10-*m) 9-0 “6 7:1 8-4 
Mesoxalate (8 x 10-*m) a-Oxoglutarate (5 x 10-3m) 3-0 = 1-8 — 





‘able 6. Turnover numbers for malic dehydrogenase with various substrates 
T y 


Turnover number: 
moles of substrate/ 
mole of enzyme/ 


Substrate pH Conditions min. 
Malate (10-1m) 10-0 Glycine buffer 0-2m; DPN 1-4 mg./ml. 4 600 
Malate (2 x 10-?m) 8-4 Tris buffer 0-1mM; DPN 0-3 mg./ml. 1 300 
mesoTartrate (3 x 10-?Mm) 8-4 Tris buffer 0-1m; DPN 0-3 mg./ml. 38 
p( —)-Tartrate (10-*m) 8-4 Tris buffer 0-1m; DPN 0-3 mg./ml. 15 
Oxaloacetate (10-*m) 6-7 Phosphate buffer 0-5m; EDTA 0-8 mg./ml.; 10 200 
DPNH 0-1 mg./ml. 
Oxaloacetate (10-4m) 7-4 Phosphate buffer 05m; EDTA 0-8 mg./ml.; 11 250 
DPNH 0-1 mg./ml. 
Oxaloacetate (6 x 10-%m) 7-4 Phosphate buffer 0-5m; EDTA 0-8 mg./ml.; 3 000 
DPNH 0-1 mg./ml. 
Oxaloacetate (6 x 10-$m) 7-4 Phosphate buffer 0-5m; no EDTA; 4 300 
DPNH 0-1 mg./ml. 
Dioxosuccinate (10-2) 6-7 Phosphate buffer 0-5m; EDTA 0-8 mg./ml.; 1 800 
DPNH 0-1 mg./ml. 
Mesoxalate (2-5 x 10-?m) 6-7 Phosphate buffer 0-56m; EDTA 0-8 mg,/ml.; 1 425 
DPNH 0-1 mg./ml. 
«-Oxoglutarate (3-3 x 10-?m) 6-7 Phosphate buffer 0-5m; EDTA 0-8 mg./ml.; 0-6 


DPNH 0-1 mg./ml. 





Kinetics 


Malate and oxaloacetate. The equilibrium con- 
stant K, for the reaction malate + DPN*= oxalo- 
acetate+DPNH+H* is 7-5x10-%m (Burton & 
Wilson, 1953). Consequently a highly sensitive 
method of measuring initial rates was required to 
study the kinetics of malate oxidation. This was 
achieved by using silica cells of light path 10 em. in 
a Cary recording spectrophotometer. This method 
gives high sensitivity, without any increase in the 
noise level associated with the more usual method of 
using cells of 1 cm. light path in a spectrophoto- 
meter equipped with an electronic amplifier (Bock & 
Alberty, 1953; Wolfe & Neilands, 1956). It was 
thus possible to study the oxidation of L-malate at 
pH 8-4 without the use of cyanide to trap oxalo- 
acetate. The kinetic data do not give a single 
straight line in the double-reciprocal plot 1/v against 
1/S (Lineweaver & Burk, 1934), but rather show 
two slopes, from which two K,,, values can be deter- 
mined (Fig. 3A). The two K,, values for malate at 
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pH 8-4 were: 9 x 10-‘m for the concentration range 
5 x 10-4 to 10-2; 1-1 x 10-*M for the concentration 
range 2 x 10-5 to 2 x 10-4‘. 

The reduction of oxaloacetate was measured in 
the Cary recording spectrophotometer with cells of 
5 cm. light path. The rate of oxaloacetate reduction 
was found to have an optimum at an oxaloacetate 
concentration of about 10-‘m (Fig. 3B). The K,, 
value determined by extrapolation was 1-8 x 10-°u 
at pH 6-7 and by substituting in the rate-law 
equation for a bimolecular enzyme reaction 
(Alberty, 1956) a K,, value of 2-6x10-°m was 
obtained. Determination of the K,,, for DPNH with 
a constant oxaloacetate concentration of 10-‘*m 
gave 2 x 10-5 at pH 6-7. 

meso- and p( —)-Tartrate. Data for the oxidation 
of meso- and p( — )-tartrate are plotted in Fig. 4. The 
curves are again seen to deviate from linearity in the 
double-reciprocal plot and at high concentration of 
substrate the rate of oxidation is independent of con- 
centration. The K,,, values at pH 8-4 were 3-3 x 10-°m 
for mesotartrate and 1-4 x 10-?m for p( — )-tartrate. 
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Xelationship between initial velocity of malate oxidation and the concentration of L-malate. 
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Initial 


velocities were measured in the Cary recording spectrophotometer by following the reduction of DPN at 340 my in 
silica cells of light path 10 cm., containing substrate, tris buffer (0-1m), pH 8-4, 0-3 mg. of DPN/ml. and enzyme 
(0-1 ml.) in a total volume of 32-5 ml. B. Relationship between initial velocity of oxaloacetate reduction and the 


concentration of oxaloacetate. 


Initial velocities were measured in the Cary recording spectrophotometer, with 


silica cells of light path 5 cm., containing substrate, 1 zmole of DPNH, phosphate buffer (0-5m), pH 6-7, 0-8 mg. of 
EDTA/ml. and enzyme (0-1 ml.) in a total volume of 16-5 ml. 
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The kinetics of oxaloglycollate reduction were not 
studied, because the keto-enol equilibrium is un- 
known, though the dry acid is mainly dihydroxy- 
fumaric acid (Hartree, 1954). However, it was 
established that Mg*+ ions did not affect the initial 
reaction rate when added simultaneously with the 
enzyme, but did increase the rate when added 
before the enzyme. Storing the dihydroxyfumarate 
solution for 1 hr. at 0° increased the initial rate and 
reduced the activating effect of prior addition of 
Mg?* ions. These results suggest that Mg*+ ions 
catalyse the keto—enol equilibrium, which is slowly 
attained in the absence of the ions. 

Dioxosuccinate and mesoxalate. The kinetic 
results for these two substrates do not show devia- 
tions from linearity in the double-reciprocal plot 
(Fig. 5). The K,, for dioxosuccinate was 2 x 10-*m 
and for mesoxalate 6-6 x 10-°m, both measured 
at pH 6-7. Tartronate oxidation was too slow to 
permit accurate rate measurements at low concen- 
trations. 

The kinetic constants obtained are collected in 
Table 7. 
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DISCUSSION 


Although it is difficult completely to eliminate the 
possibility that separate proteins with similar 
physicochemical properties catalyse the reactions 
with different substrates, the results strongly 
suggest that a single enzyme is involved. Schole- 
field (1955) has reported the oxidation of L-malate 
and mesotartrate by extracts of pigeon liver. The 
enzyme oxidizing malate seems to differ from other 
known malic dehydrogenases by reacting with 
ferricyanide in the absence of DPN, and by not 
showing product inhibition. According to this 
author, the enzyme oxidizing mesotartrate differs 
from malic dehydrogenase by reacting almost 
equally well with DPN and TPN, by not being 
inhibited by tartronate and by not showing product 
inhibition. It is thus possible that separate enzymes 
oxidizing malate and mesotartrate are present in 
pigeon liver, though further characterization of 
these enzymes would be desirable. Stafford, 
Magaldi & Vennesland (1954) have reported the 
presence of an enzyme in pea roots which catalyses 
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Fig. 4. A. Relationship between initial velocity of mesotartrate oxidation and concentration of mesotartrate. Velocities 
were measured as in Fig. 3A. B. Relationship between initial velocity of p( — )-tartrate oxidation and concentration 


of p( — )-tartrate. Velocities were measured as in Fig. 3A. 
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the reduction of dioxosuccinate by DPNH, but 
under anaerobic conditions does not catalyse the 
reduction of oxaloglycollate. However, in un- 
published experiments by the authors of this paper 
it has been found that extracts of pea-seedling 
mitochrondria, prepared according to Davies 
(1954), catalyse the reverse reaction: that is, the 
oxidation of mesotartrate by DPN. More recently 
Stafford (1956) has demonstrated the reduction of 
mesoxalate by DPNH in the presence of partially 
purified enzyme preparations from wheat germ and 
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parsley. These preparations also catalysed the re- 
duction of dioxosuccinate and oxaloacetate and the 
oxidation of malate and meso- and pD(-— )-tartrate. 
Some separation of the activities with oxaloacetate, 
dioxosuccinate and mesoxalate was claimed during 
purification of the proteins from parsley leaves. 
However, during the present investigation it was 
found that unless EDTA was added to prevent de- 
carboxylation and care taken to use freshly prepared 
solutions of the keto acids, variable results were 
obtained in assaying the same enzyme preparation. 
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A. Relationship between initial velocity of mesoxalate reduction and concentration of mesoxalate. Velocities 


were measured as in Fig. 3B. B. Relationship between initial velocity of dioxosuccinate reduction and concentra- 
tion of dioxosuccinate. Velocities were measured as in Fig. 3 B. 





Table 7. Kinetic constants for malic dehydrogenase 


Values were obtained by extrapolation of the linear part of the curve given by plotting 1/V against 1/S as in text. 


J 


values are expressed as turnover numbers. 


Substrate 
Malate (5 x 10-4 to 10-?m) 
Malate (3 x 10-5 to 2 x 10-4m) 
mesoTartrate 
p( — )-Tartrate 
Oxaloacetate 
Dioxosuccinate 
Mesoxalate 


pH Be Y iin. 
8-4 9x10-‘*m 1 350 
8-4 1-1 x 10-4m 470 
8-4 3°3 x 10-3m 50 
8-4 1-4 x10-°m 18 
6-7 1-8 x 10-°w 12 200 
6:7 2x 10-3m 2 300 
6-7 6-6 x 10-3 1 705 
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It is difficult to accept Stafford’s argument that 
‘the competitive inhibition by tartronate of malic 
dehydrogenase activity at a level of enzyme con- 
centration too weak to give any activity with 
tartronate alone would argue against the activity 
being due to malic dehydrogenase’. It follows from 
the equation of Thorn (1949) and from the results 
in this paper that a substrate with a high Michaelis 
constant (K,,) and a low maximum velocity (V,,,,) 
will act as a competitive inhibitor of a second sub- 
strate with a lower K,,, and higher V,,,,.. When the 
enzyme concentration is so low that V,,,, for one 
substrate approaches zero, the last term of Thorn’s 
equation disappears and leaves the equation for 
simple competitive inhibition. Consequently, until 
further evidence is obtained, the specificity of plant 
malic dehydrogenase must remain an open question. 

Wolfe & Neilands (1956) have purified malic 
dehydrogenase from pig heart, but did not study its 
specificity. However, commercially available malic 
dehydrogenase (Sigma Chemical Co.) is prepared 
from pig heart and shows the same specificity as the 
enzyme from ox heart (Table 3). The physical 
constants of malic dehydrogenase from ox-heart 
mitochondria and from pig heart show marked 
differences (Table 2), which may represent species 
differences. However, the possibility that there are 
different molecular species of malic dehydrogenase, 
such as reported by Neilands (1952) for crystalline 
lactic dehydrogenase and by Krebs (1953) for 
yeast triose phosphate dehydrogenase, must be 
considered. In support of this view is the finding of 
Wolfe (1955) that elution of malic dehydrogenase 
from a cation-exchange column of carboxymethyl- 
cellulose produced two distinct peaks with malic 
dehydrogenase activity. 

The simplest explanation of the anomalies found 
in the Lineweaver—Burk plots is that the enzyme has 
two sites for the substrate, one of which is catalytic- 
ally active, the other forming an enzyme-substrate 
complex which may inhibit or activate the enzyme 
depending on the substrate (Alberty, 1956). 
Neglecting the fact that a ternary complex between 
enzyme, substrate and coenzyme is probably 
formed, we may write 

kK, ks 
E+S=ES—-E+P, 
ke 
kg 
E+S = SE, 
ks 
ke kg 
SE+S =SES>SE+P. 
k, 
Following the convention of Alberty (1956), SE 
represents a substrate—-enzyme complex which does 
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not break down to yield products. If k, is less than 
k, inhibition will occur at high substrate concentra- 
tion (as found for oxaloacetate) ; if k, is greater than 
k, activation will occur (as with malate). The fact 
that tartrate oxidation appears to be independent of 
substrate concentration at high substrate levels may 
also be interpreted as inhibition, with k, less than k, 
the ratio k,/k, determining the slope at high sub- 
strate concentrations in the Lineweaver—Burk plot. 
Within the concentration range tested, there was 
no evidence that dioxosuccinate or mesoxalate 
formed complexes with the enzyme which were 
not catalytically active. Alternatively, if such a 
complex is formed, then k, equals k;. 

Whether or not the broad specificity of malic 
dehydrogenase has any biological significance 
cannot be decided at the present time. However, it 
is known that mesoxalate can replace oxaloacetic 
acid in the purified glutamate—aspartate system 
from pig heart (Green, Leloir & Nocito, 1945), and 
recently a transamination between oxaloglycollate 
and glutamate to yield hydroxyaspartate was found 
in our laboratory and was reported independently by 
Sallach (1956). Preliminary work of the authors has 
indicated that oxaloglycollate may be formed from 
glyoxalate in the presence of rat-liver mitochondria. 

Finally, it may be noted that the inhibiting effect 
of oxaloacetate on its own reduction occurs at about 
10-4m and the activating effect of malate on its own 
oxidation at about 2-5x10-4m. Since these con- 
centrations of malate and oxaloacetate are within 
the concentration range found in animal tissues 
(Frohman, Orten & Smith, 1951) it is interesting to 
speculate concerning a possible regulatory mech- 
anism at the enzyme-substrate level. 


SUMMARY 


1. A method of purifying malic dehydrogenase 
from an acetone-dried powder of ox-heart mito- 
chondria is described. A 50-fold purification was 
achieved by charcoal treatment of an aqueous 
extract of acetone-dried powder, followed by 
ammonium sulphate fractionation, ethanol fraction- 
ation and electrophoresis in starch. 

2. The purified enzyme was electrophoretically 
homogeneous but diffusion analysis and centri- 
fuging showed the presence of an impurity, in an 
amount probably less than 10%. The molecular 
weight was estimated to be 15000-20000. Thus 
malic dehydrogenase is the smallest pyridine 
nucleotide dehydrogenase known. 

3. Evidence is presented for the view that malic 
dehydrogenase is an «-hydroxydicarboxylic acid 
dehydrogenase, active with acids containing three to 
five carbon atoms and possessing the same stereo- 
chemical arrangement about the «-carbon atom as 
L-malate. 
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4. Anomalies in the behaviour of the enzyme 
in relation to the Michaelis-Menten theory are 
explained by the assumption that the enzyme has 
two sites for the substrate, one of which is catalytic- 
ally active, the other activating or inhibiting the 
enzyme, depending on the substrate employed. 
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Adult Housefly, Musca domestica L. 
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In an earlier paper (Winteringham, Harrison & 
Bridges, 1955) the absorption and metabolism of 
14C-labelled pyrethroids were studied. It was shown 
that in 24 hr. topically applied pyrethrins or alle- 
thrin (the synthetic allyl analogue of the natural 
insecticide cinerin I) was almost completely 
absorbed by the adult housefly, Musca domestica L., 
and that significant fractions of the absorbed 
insecticide were detoxified enzymically. The detoxi- 
cation was inhibited when the synergist ‘piperony] 
cyclonene’ was applied simultaneously with the 
insecticide, but less effectively when allethrin was 
applied. This suggested that the synergistic 


mechanism involved an interference with the 
natural detoxication process of the insect. These 
studies have now been extended so that the ab- 
sorption and metabolism of allethrin by a normal 
laboratory strain of the adult housefly M. domestica 
L. could be compared with those of the natural 
pyrethrins and of DDT and its bromine analogue 


(Winteringham, Loveday & Harrison, 1951; Winter- 
ingham, 19526) under identical experimental con- 
ditions. An attempt has been made to demonstrate 
the metabolism of allethrin in insect homogenates. 


MATERIALS AND METHODS 


The preparation of the [C]allethrin used in the present 
work, together with the techniques for its application to 
insects, subsequent recovery and radioanalysis by paper 
chromatography have already been described (Wintering- 
ham, 1952a; Winteringham et al. 1955). 

Metabolism of {C)allethrin in vitro. An ether-extracted 
acetone-dried powder containing lipase was prepared from 
3- to 4-day-old male adult houseflies as described by 
Chamberlain (1950). Male housefly lipase powder (0-1 g. 
equivalent to approx. 33 male flies) was incubated in a vial 
with 100 yg. of [!*C]allethrin in 1 ml. of phosphate buffer, 
pH 7-5 (84-1 ml. of m/15-Na,HPO,: 15-9 ml. of m/15- 
KH,PO,), with 50 yg. of Triton X-155 (supplied by Rohm 
and Haas Co., Philadelphia) at 37° under continuous agita- 
tion for 5 and 24hr. periods. Control vials, in which the lipase 
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powder was heated for 10 min. at 100° to inactivate the 
enzyme before incubation, were given similar treatment. 
At the end of the incubation period, 0-5 g. of anhydrous 
Na,SO, was added to each vial to discourage emulsion 
formation and the contents were extracted three times with 
2-5 ml. portions of A.R. diethyl ether. The ether extracts 
were combined, reduced to approximately 0-5 ml. in vacuo 
at room temperature and examined by the normal phase 
(N.P.) paper-chromatographic techniques described by 
Winteringham (1952a) and Winteringham et al. (1955). The 
relative proportions of the recovered “C-activity behaving 
as unchanged allethrin and as metabolites or decomposition 
products could thus be determined. The powder was tested 
qualitatively for lipase activity by incubating 0-1 g. of 
powder with 500 yg. of male insect lipid under the same 
conditions and the resulting extracts examined chromato- 
graphically. Enzymic hydrolysis of the lipid was indicated 
qualitatively by the production of unsaturated material 
behaving as free acid under the conditions of paper chro- 
matography. 

Whole tissue homogenates were used in incubation experi- 
ments with [1*C]allethrin. The thoraces were removed from 
approx. two hundred 3- to 5-day-old female adult houseflies 
and extracted at 0° with approx. 7 ml. of an isolation 
medium consisting of 0-318M-sucrose, 0-005m-phosphate 
buffer pH 7-4 (prepared by dilution from 0-4M-phosphate 
buffer, pH 7-4) and 0-01M-ethylenediaminetetra-acetate. 
The homogenate was passed through muslin and 1 ml. 
samples equivalent to approx. 30 thoraces were incubated at 
25° in Warburg flasks with 1 ml. of 0-4m-phosphate buffer 
at pH 7-4 (80 ml. of 0-4m-Na,HPO,: 20ml. of 0-4m- 
KH,PO,), 100 ug. of [14C]allethrin, 50 ug. of Triton X-155, 
0-1 ml. of 0-84M-succinate and the volume made up to 2-8 ml. 
with distilled water. In addition, 0-2 ml. of 10% KOH was 
placed in the centre well of the flask. In some experiments 
100 ng. of piperonyl cyclonene was also added. In control 
experiments the homogenate was first inactivated by 
heating in water at 100° for 10 min. At the end of the incu- 
bation period of 4-5 hr. 1-5 g. of anhydrous Na,SO, was 
added to each flask, which was extracted three times with 
4 ml. portions of A.R. diethyl ether. The ether extracts were 
reduced in a stream of dry air, examined by N.P. chromato- 
graphy and assayed as described for extracts of lipase 
homogenates. Similar experiments were carried out with 
corresponding abdominal homogenates. 

Metabolism of [4C]allethrin in vivo. Groups of ten 2- to 
5-day-old male or female houseflies under cyclopropane 
anaesthesia were injected intrathoracically or intra- 
abdominally with ll. of A.R. acetone containing the 
weights of [!*C]allethrin indicated in Table 1. Further 
treatment, preparation of controls and analysis of extracts 
were essentially similar to those described above and earlier 
(Winteringham et al. 1955). In order to throw some light on 
the enzyme systems involved in allethrin detoxication some 
groups of flies were treated with various inhibitors before 
injecting them with allethrin. Groups of flies were exposed 
to a saturation concentration of methyl bromide vapour for 
30 sec. (Table 1, Expt. 2c) and 3 min. (Table 1, Expt. 1c) 
and others to a saturation concentration of hydrogen 
cyanide for 15 sec. (Table 1, Expt. 2d) and 1 min. (Table 1, 
Expt. 1d) before injection with allethrin. Chamberlain 
(1950), using rat pancreatic and cockroach lipase extracts, 
considered that the inhibitory actions of benzaldehyde and 
piperonyl butoxide on the detoxication of pyrethrum were 
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similar. In order to compare the action of benzaldehyde and 
piperonyl cyclonene on the detoxication of allethrin, groups 
of female flies were injected with benzaldehyde plus allethrin 
simultaneously (Table 1, Expts. 3c, 3d, 3e) and in another 
experiment flies were injected with piperonyl cyclonene 
2k hr. (Table 1, Expt. 4c) and 3}hr. (Table 1, Expt. 2e) 
before injection with allethrin. In an attempt to localize the 
site of allethrin detoxication, the abdomens from female 
flies were severed from thoraces and heads 30 min. after 
injection and, in another group, immediately before ex- 
traction. The abdomens were extracted and analysed 
separately (Table 1, Expts. 5c to 6f/). 

Absorption of [4C]allethrin applied topically to houseflies. 
Groups of ten female adult houseflies, under cyclopropane 
anaesthesia, were treated topically on the dorsal thorax with 
doses varying from 0-6 to 12-0yg. of [#4C]allethrin/fly in 
ll. of A.R. acetone. During the penetration period flies 
were kept at 25° or 30°. Groups of ten flies and the exposure 
jars were rinsed with A.R. acetone 5 hr. after the application 
of allethrin. The rinses were concentrated in vacuo, and 
samples were applied to Whatman no. | filter paper and the 
M4C-activity was assayed by direct counting below a thin 
end-window Geiger—Miiller counter or a specially con- 
structed sensitive 47 B-radiation counter ; geometrical condi- 
tions were standardized so that replicate analyses usually 
agreed to within 3-4 % (Harrison & Winteringham, 1955). 
Similarly, groups of ten female flies were rinsed 10 hr. after 
application of allethrin. 


RESULTS 


All the results are summarized in Tables 1 and 2 
and Fig. 1. Approximately 60 % of the “C-activity 
applied was recovered in the extracts. Variation in 
the amount of “C-activity recovered occurred in 
both live and heat-killed flies and homogenates but 
was independent of the amount of decomposition. 
In previous experiments Winteringham et al. (1955) 
were unable to detect any loss of “C-activity from 
allethrin-treated flies by excretion or respiration. 
Blum (1955) was also unable to detect any volatile 
metabolites from houseflies treated topically with 
[4C]pyrethrum. No attempt was made to recover 
the C-activity remaining in the residues after 
extraction. It was assumed that the allethrin :non- 
allethrin ratios found in the extracts were repre- 
sentative of the ratios present in the tissues of the 
fly or homogenates at the time of extraction and 
that the retention was due to some non-selective 
physical process. The net weight of [*C]allethrin 
metabolized has been obtained by subtracting the 
weight decomposed in heat-inactivated flies or 
homogenates from that of live flies or homogenates. 

Metabolism in vitro. The net decomposition of 
[24C]allethrin by male lipase extract was only 8% 
after 24hr. incubation and decomposition by 
female-abdomen homogenates was only 7% after 
5hr. incubation. This percentage decomposition 
was considered to be of doubtful significance. 
Piperonyl cyclonene, when added to abdominal 
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It has been assumed that the allethrin:non-allethrin ratios found in the extracts were representative of the ratios 
present in the tissues at the time of extraction. The temperature was 30° in all experiments except nos. 5a—d, when it was 
25°. The metabolism time was 24 hr. except where otherwise stated. The net weights of [!C]allethrin metabolized was 
obtained by subtracting the weight apparently decomposed in heat-killed flies from the weights decomposed by flies in 
the remaining groups of the same experiment. 


Expt. 


1 (a) 


(6) 
(c) 


(d) 
2 (a) 


(b) 
(c) 


(d) 
(e) 
3 (a) 


(b) 
(c) 


(a) 
(e) 
(f) 
(9) 
(h) 
4 (a) 


(b) 
(c) 


5 (a) 
(0) 
(c) 
(d) 
6 (a) 


(b) 


(c) 


(d) 


P. M. BRIDGES 
Table 1. Metabolism of [}4C]allethrin by the adult female housefly 


Treatment 

Live flies injected intrathoracically with 3-5 pg. of 
allethrin 

As in (a) but flies first killed in boiling water 

As in (a) but flies exposed to CH,Br for 3 min. before 
injection with allethrin 

As in (a) but flies exposed to HCN for 1 min. before 
injection with allethrin 

Live flies injected intrathoracically with 3-5 yg. of 
allethrin 

As in (a) but flies first killed in boiling water 

As in (a) but flies exposed to CH,Br for 30 sec. before 
injection with allethrin 

As in (a) but flies exposed to HCN for 15 sec. before 
injection with allethrin 

As in (a) but flies first injected with 10 pg. of piperonyl 
cyclonene 

Live flies injected intrathoracically with 4-3 yg. of 
allethrin 

As in (a) but flies first killed in boiling water 

Live flies injected with 4-3 yg. of allethrin + 0-5 yg. of 
benzaldehyde 

Live flies injected with 4-3 yg. of allethrin + 1-0 ug. of 
benzaldehyde 

Live flies injected with 4-3 yg. of allethrin + 2-0 yg. of 
benzaldehyde 

As in (a) but 5 hr. allowed only for metabolism 

As in (a) but male flies used 

As in (b) but male flies used 

Live flies injected intrathoracically with 6-0 pg. of 
allethrin 


As in (a) but flies first killed in boiling water 


As in (a) but flies first injected with 10 pg. of 
piperonyl cyclonene 


Live flies injected intrathoracically with 4-0 yg. of 


allethrin 
As in (a) but flies first killed in boiling water 
{ As in (a) but abdomens severed 
from thoraces and heads 30 min. 
after injection 


} Abdomens 
| Thoraces + heads 


Live flies injected intrathoracically 
with 5-2 wg. of allethrin but 
abdomens severed from thoraces 
and heads 30 min. after injection 

As in (a) but flies first killed in 
boiling water 

Live flies injected intra-abdominally 
with 5-2 wg. of allethrin but 
abdomens severed from thoraces 
and heads 30 min. after injection 


| 

| 

heads 30 ction J 
As in (c) but flies first killed in Peony 


Abdomens 
Thoraces + heads 


Abdomens 
Thoraces + heads 


Abdomens 
Thoraces + heads 


boiling water Thoraces + heads 
Live flies injected intra-abdominally 
with 5-2 yg. of allethrin but 
abdomens severed from thoraces 
and heads at end of ‘metabolism’ 
period before extraction 
As in (e) but flies first killed in 
boiling water 


Abdomens 
vine 
Thoraces + heads 


Abdomens 
Thoraces + heads 


140 recovered 


iain ———,, 
Non- 


Allethrin allethrin 


46 


91 
81 


89 


49 


95 


78 
89 


80 


58 


92 
43 
68 
66 
65 
81 
94 
71 


92 
81 


46 


91 
81 


69 
64 
90 


56 


48 
17 


90 
73 


54 


9 
19 


35 
19 


29 


19 


13 
49 
15 


48 
16 

9 
19 
31 
36 
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Fig. 1. Absorption of topically applied DDT, its bromine 
analogue and allethrin by houseflies at 25°. @, 0-5 pg. of 
DDT/fly (Sternburg et al. 1950); A, 2-Oyg. of DDT 
(bromine analogue)/fly; m, 50-Oug. of DDT (bromine 
analogue)/fly (Winteringham, 19526); O, 2-Opg. of 
allethrin/fly; 0, 11-0 ug. of allethrin/fly. 

Table 2. Absorption of topically applied [}4C}- 
allethrin by ihe adult female housefly at 30° 


Percentage 


Time of applied 
Dose/fly (hr.) dose absorbed 
1-0 wg. of allethrin* 24 98 
1-0 pg. of allethrin +5 pg. of 24 88 
piperonyl cyclonene* 
1-0 wg. of allethrin + 10 yg. of 24 74 
piperonyl cyclonene* 
1-2 pg. of allethrin 10 84 
0-6 wg. of allethrin 5 53 
1-2 wg. of allethrin 5 53 
2-4 wg. of allethrin 5 46 
” 


A] 


12-0 pg. of allethrin 
* Results taken from Winteringham et al. (1955). 
homogenates, did not inhibit this decomposition. 
Female-thorax homogenates did not decompose a 
significant amount of allethrin. These results agree 
with the results obtained by Matsubara (1954). 
Metabolism in vivo. Results indicated that 
extensive decomposition of allethrin occurred in 
female flies at 30° (Table 1, Expts, la, 2a, 3a, 4a 
and 6e). In one experiment (Table 1, Expt. 3/) it 
was shown that 80% of the decomposition taking 
place in a 24hr. ‘metabolism’ period occurred 
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within the first 5 hr. of that period. Decomposition 
of allethrin in male flies (Table 1, Expt. 3g) was 
very much less than that found in female flies. At 
25° (Table 1, Expt. 5a) there was no decrease in the 
amount of decomposition of allethrin. The meta- 
bolism of allethrin by flies initially exposed to 
methyl] bromide was significantly reduced, although 
the flies appeared quite normal at the time of 
injection (Table 1, Expt. 2c). Hydrogen cyanide 
strongly inhibited the decomposition of allethrin 
(Table 1, Expts. 1d and 2d), but the flies appeared 
not to recover at all and may have been dead at the 
time of injection with allethrin. Piperony] cyclo- 
nene also brought about a reduction in the decom- 
position of allethrin. Results of experiments in 
which abdomens were extracted separately from 
thoraces and heads indicated that the amount of 
decomposed allethrin found in the abdomen was 
much greater than that in the thoraces and heads. 
When the abdomens were severed 30 min. after 
injection of allethrin no significant decomposition 
took place in the thoraces and heads. Also, when 
allethrin was injected intra-abdominally, the total 
amount of decomposition was increased by 60% 
above the amount of allethrin decomposed when the 
injection was made intrathoracically. These results 
strongly suggest an abdominal site of detoxication. 

Absorption. At all doses there was an initial rapid 
absorption of allethrin over the first 5-10 hr., which 
was followed by a more gradual absorption period. 
At the end of 24 hr. absorption of allethrin at low 
doses, e.g. 1-0—2-0 pg./fly, was almost complete, but 
at higher doses, e.g. 11-0 yg./fly, only half of the 
allethrin applied had penetrated into the tissues 
(Table 2 and Fig. 1). There did not appear to be any 
significant difference in the weights of topically 
applied allethrin absorbed at 25° and 30°. 

DISCUSSION 

Direct quantitative comparison with published 
results available is difficult but the present work 
suggests that allethrin was less effectively meta- 
bolized than the natural pyrethrins by housefly 
tissues in vitro (Woke, 1939; Chamberlain, 1950; 
Earle, 1952; Matsubara, 1953). This indicates that 
the detoxication mechanisms of the natural and 
synthetic pyrethroids may not be identical as 
already suggested by previous in vivo studies 
(Winteringham et al. 1955; Winteringham, Harrison 
& Bridges, 1954). 

The present work confirms that allethrin, despite 
its greater chemical stability (Blackith, 1952), is 
metabolized to about the same extent as the natural 
insecticide in intact houseflies. [Compare Table 1 
with Table 2, Winteringham et al. (1955), and with 
Table 1 of the present paper; see also Table 3, 
Winteringham et al. (1955).] The present results 
further confirm that Inhibition of the allethrin 
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detoxication by piperonyl cyclonene in vivo (Table 1, 
Expts. 2e and 4c) is less effective than that of the 
natural pyrethrins (Table 1, Expts. 5c and 6b and 
Table 3, Winteringham et al. 1955). No difference in 
metabolism at 25° and 30° was detected. Detoxica- 
tion of allethrin by female flies was apparently 
greater than that by male flies, and this may be 
associated with the greater susceptibility of male 
flies to insecticides generally (Barber & Schmitt, 
1948; Bruce & Decker, 1950; Busvine, 1951). 

There was some evidence that benzaldehyde, a 
strong inhibitor of mammalian pancreatic lipase, 
was effective in reducing allethrin detoxication at 
the higher concentrations used (Table 1, Expts. 3c 
to 3e). Chamberlain (1950) found inhibition by 
benzaldehyde of his lipase extracts, and he considers 
that the type of inhibition was similar to the in- 
hibition by piperonyl butoxide and that lipases 
were responsible, at least in part, for the detoxica- 
tion of pyrethrins. He considered that the lack of 
any correlation between other lipase inhibitors and 
pyrethrum synergists was probably due to the 
ability of the inhibitors to form fine stable emulsions 
in vitro. Asublethal exposure to methyl bromide, an 
inhibitor of SH enzymes, partly inhibited allethrin 
decomposition. This suggests that a non-volatile 
oil-soluble SH-reagent might be a useful synergist. 

A preparation of thoracic tissue rich in respiratory 
enzymes failed to decompose allethrin. There was 
evidence from the experiments both in vitro and in 
vwo that the site of allethrin metabolism is in the 
abdominal tissue and that metabolites are not 
deposited there after being metabolized elsewhere. 
The results of the present work indicate that the 
metabolism of allethrin in the housefly is not due to 
simple hydrolysis and that lipases play only a small, 
if any, part in the breakdown of allethrin. There is 
also evidence that simple hydrolysis is not the 
principal mechanism of pyrethrum detoxication 
(Winteringham, 1952c; Winteringham et al. 1955; 
Blum, 1955). 

From the evidence presented in this and the 
earlier paper (Winteringham et al. 1955) it is clear 
that the absorption of allethrin and the pyrethrins 
by the adult housefly is more rapid and more com- 
plete than that of DDT (Sternburg, Kearns & 
Bruce, 1950) or its bromine analogue (Winteringham 
et al. 1951). The absorption data demonstrate 
clearly that, as with DDT and its bromine analogue, 
the fraction of applied allethrin absorbed dimin- 
ishes with increasing dosage. The addition of 
piperonyl cyclonene to topically applied pyrethroids 
had a similar effect in diminishing the amount of 
allethrin absorbed (see Table 2). 


SUMMARY 


1. Allethrin labelled with “C was incubated with 
enzyme extracts or homogenates or it was injected 
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into adult houseflies. After a ‘metabolism’ period 
any unchanged allethrin and its metabolites were 
extracted, resolved by paper chromatography and 
determined radiometrically. 

2. A considerable fraction of the allethrin in- 
jected into female houseflies was metabolized in a 
period of 24 hr. The proportion of the metabolism 
occurring in the first 5 hr. of this period was 80%. 
The net weights of allethrin metabolized by a male 
lipase extract and a female abdomen homogenate 
were small and of doubtful significance. Metabolism 
of allethrin by female thoracic homogenates could 
not be detected. 

3. A sublethal exposure to methyl bromide 
inhibited the metabolism of allethrin. There was 
some evidence that benzaldehyde, a lipase inhibitor, 
reduced the metabolism of allethrin in vivo at the 
higher concentrations used. 

4. Absorption of topically applied [*4C]allethrin 
was rapid during the first 5-10 hr. after applica- 
tion. The fraction of the dose absorbed in 24 hr. 
approached unity at lower doses but fell off signifi- 
cantly at higher doses. 


The author wishes to thank Mr F. P. W. Winteringham for 
his constant interest and advice throughout the course of 
this work. Thanks are due to Mr G. M. Price of this Labore- 
tory for the preparation of whole homogenates of housefly 
thoraces and abdomens. 

This paper is published by permission of the Department 
of Scientific and Industrial Research. 
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@-Glycosidase of Potato 


By P. BARUAH* ano T. SWAIN 
Low Temperature Station for Research in Biochemistry and Biophysics, University of Cambridge, 
and Department of Scientific and Industrial Research 


(Received 3 December 1956) 


It has been shown by Bate-Smith (1949) and others 
(Nordstrém & Swain, 1953; Ice & Wender, 1953) 
that most of the low-molecular-weight phenolic 
compounds in plant tissues occur as glycosides. An 
examination of the phenolic constituents of potato 
tuber (Baruah & Swain, unpublished) has indicated 
that, in this tissue also, only small amounts of 
aglycones are present. 

Roberts & Wood (1951) demonstrated that tea- 
leaf phenolase had no action on certain flavonol 
glycosides, whereas the corresponding aglycones 
were readily oxidized. Investigation of the specifi- 
city of potato phenolase towards a number of 
naturally occurring phenolic compounds (Baruah & 
Swain, in preparation) has shown similar results. 
Since it is known that the majority of phenolic 
glycosides have a f-sugar link, it was considered 
likely that the concentration of aglycone, and hence 
possibly the activity of the phenolase system, would 
be determined by the activity of B-glycosidase 
present in the tissue. 

The present investigation was limited to demon- 
strating the occurrence of B-glucosidase in potato 
tissue. For the preliminary studies a new method 
for measuring f-glucosidase activity with salicin as 
substrate was developed; in this the amount of 
saligenin formed was determined colorimetrically 
by use of 4-aminoantipyrine (Martin, 1949). 


EXPERIMENTAL 


Materials. Salicin was a commercial preparation [Baird 
and Tatlock (London) Ltd.] and was recrystallized from 
water before use. Emulsin was prepared from sweet almonds 
(Helferich, Winkler, Goetz, Peters & Gunther, 1932). 


Measurement of B-glucosidase activity 


Reagents. A. 4-Aminoantipyrine (0-1 g.) in 50% (v/v) 
aq. ethanol (10 ml.) and 2N-ammonium hydroxide (25 ml.) 
were mixed and diluted to 250 ml. with water. 

B. Potassium ferricyanide solution (0-2 %). 

Calibration curve. This was prepared by mixing varying 
proportions of salicin, saligenin and glucose in 10 ml. of 
water to give a final concentration of 0-1 mm in respect to the 
total amount of glycoside plus aglycone. To this solution 
was added 5 ml. of reagent A followed by 5 ml. of reagent B. 


* Wheldale Onslow Research Fellow, Newnham College, 
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The solutions were mixed in 2-5 cm. diam. standardized 
tubes and, after 5 min., the optical density was measured at 
515 mp with a Unicam SP. 300 spectrophotometer. 

Tests with emulsin. Salicin (0-1 g.) in 0-1M-disodium 
hydrogen citrate buffer of the required pH (5 ml.) and 
emulsin (0-1 g.) in buffer (10 ml.) were well mixed and 
incubated at 35°. Samples (0-5 ml.) were taken from time to 
time and added to ethanol (9-5 ml.), and the protein was 
removed by centrifuging. A portion (1 ml.) of the super- 
natant was diluted with water (9 ml.) and the concentration 
of saligenin determined as described above. A control 
solution was run without enzyme for each measurement. The 
determination of saligenin was not affected by the presence 
of emulsin; the alcohol-precipitation step is therefore not 
essential. 


Preparation of potato extract for demonstrating 
B-glucosidase activity 

Freeze-dried potato powder (prepared from King 
Edward potatoes) was washed three times with ice-cold 
acetone (2 ml./g.) and then with ice-cold 70% (v/v) ethanol 
2 ml./g.) until the filtrate showed no trace of fluorescent 
material when viewed under an ultraviolet lamp and gave 
no reaction with a solution of ferric chloride in ethanol. The 
residue was dried in vacuo and extracted with water (0-5 ml./ 
g.). For assay, 5 ml. of this solution was mixed with 0-1 M- 
citrate buffer (5 ml.) and, after equilibration at 35°, salicin 
(0-1 g.) in buffer (5 ml.) was added. 

RESULTS 

The standard curve for saligenin as determined by 
the 4-aminoantipyrine method is shown in Fig. 1. 
It will be seen that as little as 1 yg. of saligenin/ml. 
can be detected in the 10 ml. of solution taken for the 
determination. The method was applied to the 
determination of the rate of hydrolysis of salicin 
by emulsin (Fig. 2) and to the determination of the 
pH optimum of this enzyme (Fig. 3). The demon- 
stration of the presence of a f-glucosidase in the 
potato extract and determination of its pH 
optimum is also shown in Figs. 2 and 3. 


DISCUSSION 


The various methods for determining B-glucosidase 
activity have been described by Veibel (1941). It 
has been usual in the past to employ a naturally 
occurring f-glucoside such as salicin, arbutin or 
cellobiose and to determine the degree of hydrolysis 
polarimetrically or reductometrically. Although 
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Fig. 1. Calibration curve for saligenin. (For details see 
Experimental section.) 
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extract (time scale in hours). 
such methods are still in use (Veibel & Yang, 1952) 
they are tedious and their lack of specificity is 
a serious disadvantage in routine assays of f- 
glucosidase, especially in crude extracts (cf. Kerr, 
Graham & Levvy, 1948). In recent years, following 
on the work of Aizawa (1939), many workers have 
employed as substrates synthetic £-glucosides, the 
aglycone of which can be readily determined colori- 
metrically (Conchie, 1954; Cohen, Rutenburg, Tsou, 
Woodbury & Seligman, 1952). Jermyn (1952) 
pointed out, however, an objection to the use of 
p-nitrophenyl-8-p-glucoside as a substrate. He 
found that although the f-glucosidase from 
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Fig. 3. Effect of pH on activity of emulsin and potato 
B-glucosidase. (For details see Experimental section.) 
O, Emulsin; @, potato B-glycosidase. 





Aspergillus oryzae could be separated by paper 
electrophoresis into several components, none of 
which was specific towards salicin, aesculin or 
sodium carboxymethylcellulose, only one of these 
components would hydrolyse the p-nitrophenol 
derivative, and furthermore it appeared to be part 
of a separate system unrelated to the rest. It 
seemed useful therefore to develop a method for 
estimating f-glucosidase activity which is free from 
such defects and which is capable of determining 
initial rates of activity before the aglycone concen- 
tration is high enough to interfere seriously in the 
measurement (cf. Veibel & Lillelund, 1938). From 
the results obtained, it appears that the method 
described meets these requirements and, unlike 
previous colorimetric methods, it uses a generally 
accepted substrate which is available commercially. 
Furthermore, its sensitivity is sufficient to detect 
changes of the order of 0-05 pmole of substrate, so 
that very small amounts of enzyme can be used (cf. 
Hofstee, 1955). The results obtained for the pH 
optimum for emulsin agree with those of other 
workers (Veibel, 1941). The potato extract shows, 
as had been expected, the presence of £-glucosidase 
activity (Latzko, 1954). A noteworthy feature of 
this system is its low sensitivity to pH changes. 


SUMMARY 


1. A new method for determining f-glycosidase 
activity has been developed with salicin as the 
substrate. 

2. By this method the presence of B-glucosidase 
activity in potato has been demonstrated. 


The work described in this paper was carried out as part 
of the programme of the Food Investigation Organization of 
the Department of Scientific and Industrial Research. 
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The Metabolism of 8-Azapurines 


By J. D. SMITH anp R. E. F. MATTHEWS* 
Agricultural Research Council Virus Research Un it, Molteno Institute, University of Cambridge 


(Received 8 October 1956) 


8-Azaguanine inhibits growth or development of 
many organisms and viruses. These include several 
transplantable tumours (e.g. Kidder, Dewey, Parks 
& Woodside, 1949, 1951; Sugiura, Hitchings, 
Cavalieri & Stock, 1950; Law, 1950; Finkelstein & 
Thomas, 1951), the chick embryo (Youngner, Ward 
& Salk, 1950), Tetrahymena (Kidder & Dewey, 
1949), bacteria (Roblin, Lampen, English, Cole & 
Vaughan, 1945; Hitchings, Elion, Faleo & Vander- 
Werff, 1947; Hitchings, Elion, Falco, Russell & 
VanderWerff, 1950; Lasnitzki, Matthews & Smith, 
1954) and some plant viruses (Matthews, 1953, 
1954, 1955). In many of these systems it has been 
shown that 8-azaguanine is incorporated into ribo- 
nucleic acids (RNA) replacing a proportion of the 
guanine residues. The amounts of 8-azaguanine 
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found in RNA are usually low, varying between 1 and 
5% of the guanine content. We have, however, found 
that Bacillus cereus incorporates 8-azaguanine into 
its RNA with replacement of up to 40% of the 
guanine. With this organism we have studied 
the distribution of 8-azaguanine in the bacterial 
RNA. 

We have also investigated the effects of similar 
analogues of purinesand their precursors on bacteria 

* Present address: Plant Diseases Division, Department 
of Scientific and Industrial Auckland, New 
Zealand. 


Research, 


and tobacco mosaic virus. These include 8-aza- 
adenine and certain substituted triazoles. 5(4)- 
Amino-1H-1:2:3-triazole-4(5)-carboxyamide (I) is 
an analogue of 5(4)-amino-1H-1:2:3-imidazole-4(5)- 
carboxyamide (II), the purine precursor described 
by Shive, Ackermann, Gordon, Getzendaner & 
Eakin (1947). Some preliminary results of this 
work have been reported (Matthews & Smith, 1954, 
1956). 


MATERIALS AND METHODS 


8-Azapurines and substituted triazoles. These were gifts 
from the American Cyanamid Co. 8-Aza-adenosine was a 
gift from Dr J. Davoll. Guanine and hypoxanthine were 
commercial products. The purity of all these substances was 
checked by paper chromatography in several solvents. 


Growth of bacteria and viruses 

Escherichia coli. E. coli strain B/r (Witkin, 1951) was 
grown in synthetic media. Medium A comprised: KH,PO,, 
13-6 g.; (NH,),SO,, 3-3g.; MgSO,,7H,O, 0-4 g.; CaCl,, 
10 mg. ; FeSO, ,7H,0, 0-5 mg.; glucose, 10 g.; NaOH to pH 7 
and water to 11. Medium H comprised Na,HPO,, 6 g.; 
KH,PO,,3g.; MgSO,,7H,O, 0-2 g.; NaCl, 0-5g.; NH,Cl, 1g.; 
glucose, 0-4 g.; water to 1 |. (Herriott & Barlow, 1952). In 
making up these media the autoclaved 
separately. The growth rates of the bacteria and their 
behaviour towards the purine analogues were identical in 
both media. 

A purine-requiring strain of FZ. coli (55) was obtained from 
Dr E. Wollman of the Institut Pasteur, Paris. This was 
grown in H medium supplemented with adenine or guanine. 
Bacillus cereus strain 569 H (Kogut, Pollock & Tridgell, 
1956) was grown on a medium comprising: vitamin-free 
casein hydrolysate, 10 g.; KH,PO,, 3-5 g.; MgSO,,7H,0, 
0-51 g.; (NH,).Fe(SO,).,6H,O, 4-8 mg.; NaOH to pH 7 and 
water to 1 1. 

Bacteria were grown at 37°, 
vigorous aeration from an air compressor or in flasks on a 
rotary shaker. Samples for the isolation of nucleic acid were 
chilled to 4°, and the bacteriawere sedimented in the centri- 
fuge and washed once in 0-14mM-NaCl or 0-05M-sodium 


21-2 


glucose was 


either in 61. bottles with 
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phosphate buffer pH 7-1. In experiments where it was 
necessary to stop bacterial metabolism rapidly the samples 
were poured into 2 vol. of 90% (v/v) ethanol made 0-1N 
with respect to acetic acid. The cells were centrifuged and 
washed in acidified 70% (v/v) ethanol. 

Bacterial growth was followed by optical-density 
measurements of cell suspensions in a photoelectric colori- 
meter (A. Gallenkamp and Co. Ltd., London) with a blue 
filter and lem. cell. An optical-density reading of 0-1 
corresponded in EF. coli to 3-0 x 10® cells/ml., and with 
B. cereus to 0-2 mg. dry wt. of cells/ml. 

Bacteriophages T,rand T,r* were grown on LZ. coli B/r in H 
medium and purified according to Herriott & Barlow (1952). 

Tobacco mosaic virus was grown on Nicotiana tabacum 
var. White Burley. Solutions of the analogues were sprayed 
on the plants every 2-3 days for about 14 days after infection 
(Matthews, 1954). The virus was isolated by heat clarifica- 
tion of the plant sap followed by repeated precipitation of 
the virus either with ammonium sulphate or by adjusting 
the preparation to pH 3. 


Isolation of bacterial RNA 


E. coli. The cells were washed in ethanol and acetone and 
dried in a stream of air at room temp. They were then 
extracted three times with 2mM-NaCl at 100° for 20 min. The 
combined extracts were deproteinized by shaking with a 
chloroform—octanol mixture (Sevag, Lackman & Smolens, 
1938) and the RNA was precipitated by the addition of 
ethanol to 67%. The product usually contained a small 
amount of deoxyribonucleic acid. 

B. cereus. Three methods were used for the isolation of 
B. cereus RNA. Method (1) was similar to that described for 
E. coli and gave a yield of 10-20% of the total cell poly- 
ribonucleotide. In method (2), which yielded about 70% 
of the cell RNA, the bacteria were washed in ethanol and 
acetone, and extracted 2-3 times in 0-1M sodium citrate 
buffer (pH 7) for 2-3 hr. at 100°. The combined extracts 
were deproteinized and precipitated in 70% ethanol—water 
(v/v) adjusted to pH 3-5 with acetic acid. A rather low yield 
of RNA could be obtained by extraction of the defatted cells 
with water at 40-50°. Method (3) avoided temperatures 
above 37°. The cells were stirred in 15% (w/v) aqueous 
sodium dodecyl sulphate (Duponol C, du Pont de Nemours 
and Co.) (pH 7-3) for 4-5 hr. at 37°. The suspension was 
poured into twice its volume of ethanol and the precipitate 
was collected by centrifuging and extracted three times in 
0-1M-sodium citrate buffer (pH 7) for 10 min. at 24°. The 
combined extracts were deproteinized and the RNA was 
precipitated as in method (2). The distribution of 8-aza- 
guanine was similar in all three preparations. 


Isolation of deoxyribonucleic acid (DNA) 


E. coli DNA was prepared by the method of Smith & 
Wyatt (1951). B. cereus DNA was isolated in low yield by 
a method similar to that described by Gandelman, Zamenhof 
& Chargaff (1952). Any RNA present in the preparation was 
hydrolysed in N-KOH at 20° for 18 hr. The DNA was then 
precipitated by adjusting to pH 3-5 with HCl and adding 
2 vol. of ethanol and MgSO, to 0-01m. The precipitate was 
washed once with 75% ethanol—water (v/v). 

T, bacteriophage DNA was liberated by ‘osmotic shock’ 
(Anderson, 1950) and most of the protein removed by 
centrifuging. The nucleic acid was precipitated by the 
addition of 2 vol. of ethanol. 
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Hydrolysis of nucleic acids and 
isolation of components 


Paper electrophoresis. The runs were made in the apparatus 
described by Markham & Smith (1952a). 

Paper chromatography. The solvent mixtures used were: 
(1), 70% propan-2-ol-water (v/v) in an atmosphere of 
ammonia (Markham & Smith, 19526); (2), 65% propan-2- 
ol-water (v/v) made 2N with respect to HCl (Wyatt, 1951); 
(3), saturated (NH,),SO, in water—m-sodium acetate- 
propan-2-ol (40:9:1, by vol.) (Markham & Smith, 19526). 

Estimation of 8-azaguanylic acid in alkaline hydrolysates. 
RNA or polynucleotide fractions were hydrolysed in 
n-KOH for 18 hr. at 20°. The hydrolysate was cooled to 0° 
and approximately neutralized with 2N-HCI1O,, and the 
precipitate of KC1O, removed by centrifuging. 

For qualitative or semi-quantitative analysis the mono- 
nucleotide mixture was separated by paper electrophoresis 
in 0-05m-borate buffer (pH 9), where 8-azaguanylic acid 
migrates ahead of the other nucleotides (Matthews, 1954). 
Although this separation of 8-azaguanylic acid is adequate 
for its detection, quantitative estimations are complicated 
by overlapping of the nucleoside diphosphates produced by 
the alkaline hydrolysis of some types of polyribonucleotide 
chains (Markham, Matthews & Smith, 1954). Consequently 
for quantitative determinations we used a combination of 
chromatography and electrophoresis on paper. A portion 
of the hydrolysate was placed about 6 cm. from a long edge 
of a sheet (22 cm. x 45 cm.) of Whatman 3 MM paper, and 
run as a chromatogram along the long length of the paper in 
solvent mixture (1). This resolved the mixture into two 
spots, one containing guanylic and 8-azaguanylic acids and 
a faster-moving spot containing adenylic, cytidylic and 
uridylic acids. After drying a strip was cut across the paper 
to contain both spots, the ends of the strip were dipped in 
0-05 m-phosphate buffer (pH 2) and the buffer was allowed to 
run by capillary movement from both wet ends to cover the 
areas containing the nucleotides, concentrating them in thin 
bands. This strip was run in the electrophoresis apparatus 
for 20-30 min. at about 60 v/cm. This separates guanylic 
acid from 8-azaguanylic acid, which moves more rapidly 
towards the anode (Fig. 1). This separation depends on the 
difference between the dissociation constants of the amino 
groups of the two substances. Uridylic acid also separated 
from adenylic and cytidylic acids. By eluting these spots 
the total ribonucleotides could be estimated. 

Ultraviolet-absorbing substances were located by the 
method of Markham & Smith (1949), and 8-azaguanine 
derivatives were detected photographically by their fluor- 
escence in ultraviolet light (Matthews, 1954). The nucleo- 
tides were eluted in 0-1 N-HCl and estimated spectrophoto- 
metrically by using the following extinction coefficients: 
adenylic acid, 13-7 at 255 mp; cytidylic acid, 12-9 at 280 mp; 
guanylic and 8-azaguanylic acids, 12-2 at 255 mp; uridylic 
acid, 9-89 at 260 mp. 

Where necessary the identification of 8-azaguanylic acid 
was confirmed by separation into 8-azaguanosine 2’- and 
3’-phosphates by paper chromatography in the ammonium 
sulphate solvent, and by hydrolysis in N-HCl at 100° to give 
8-azaguanine, which was identified by its ultraviolet- 
absorption spectrum and by paper chromatography. 

Ribonuclease hydrolysates. A solution containing 10-20 
20 mg. of RNA/ml. and crystalline pancreatic ribonuclease 
(70 yg./ml.) was incubated at 50° for 6 hr., followed by 18 hr. 
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Separation of guanylic and 8-azaguanylic acid from alkaline hydrolysates of RNA. 
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Paper run as a chromatogram 


in propan-2-ol-water-NH, and in the second dimension by electrophoresis in 0-05mM-phosphate buffer (pH 2). 
Three photographic prints of the same paper showing (1) ultraviolet absorbing spots, (2) spots fluorescent in acid 
(guanylic acid and 8-azaguanylic acid), (3) spots fluorescent in alkali (8-azaguanylic acid). B is a mixture of adenylic 
and cytidylic acids. C is uridylic acid. A is non-nucleotide ultraviolet-absorbing material present in this RNA 


preparation. 





at 4° when digestion was completed. During digestion the 
solution was periodically adjusted to pH 7 with dilute 
NH,OH. The hydrolysate was partially fractionated into 
its components by paper chromatography in solvent 
mixture (1) in which nucleotides and polynucleotides 
containing 8-azaguanine move in the same positions as 
the corresponding guanine derivatives. Bands of cyclic 
nucleotides and polynucleotides were eluted in water and 
hydrolysed to mononucleotides in N-KOH at 20° for 18 hr., 
and the proporticns of 8-azayuanylic and guanylic acids 
determined. 
RESULTS 
Effects of the analogues on bacterial growth 


The 8-azapurines and substituted triazoles were 
added to exponentially growing cultures of E. coli 
B/r in A or H media and of B. cereus. (Additions 
were made from concentrated solutions of the sub- 
stances dissolved in the minimum quantity of 
NaOH.) Subsequent growth was followed turbido- 
metrically for a period of 2-3hr. The normal 
doubling times of H. coli and B. cereus in these 
media are 55 and 50 min. respectively. 

The type of inhibition observed is illustrated in 
Fig. 2. Fig. 2a shows the effects of 8-azaguanine 
and 8-aza-adenine on the growth of B. cereus, and 
Fig. 26 that of 8-azahypoxanthine on E. coli B/r. 
Growth inhibition increases progressively with 
time, and except at high concentrations of the 
analogue does not begin until 1-2 generations have 
elapsed. Inhibition is annulled if the natural 
purine is added to the culture with the analogue 
(Fig. 2b). 


E. coli and B. cereus differ markedly in their 
response to 8-azapurines and substituted triazoles. 
E. coli is most strongly inhibited by 8-aza-adenine 
and 8-azahypoxanthine, to a less extent by 8- 
azaguanine and very slightly by 5(4)-amino-1H- 
1:2:3-triazole-4(5)-carboxyamide (all at concentra- 
tions in the range 1-10mm). 8-Azaxanthine is 
without effect. B. cereus is strongly inhibited by 8- 
azaguanine and 8-azaxanthine at lower concentra- 
tions (0-1-0-5mm), but 8-azahypoxanthine and 
aminotriazolecarboxyamide do not affect growth. 
8-Aza-adenine is inhibitory only at concentrations 
greater than 2 mm. 

Development of tobacco mosaic virus is inhibited 
by 8-azaguanine, 8-aza-adenine and aminotriazole- 
carboxyamide, and not by any of the other an- 
alogues when sprayed on plants at concentrations of 
5-20 mo. The effects of the analogues on the three 
biological systems is summarized in Table 1. 
8-Azaisoguanine and two substituted triazoles, 
which are not analogues of any purine or imidazole 
known to occur in bacteria or tobacco plants, were 
not inhibitory in any of the three systems. 


Incorporation of 8-azaguanine into nucleic acids 


In following incorporation of 8-azaguanine into 
bacterial ribonucleic acids 21. batches of bacteria 
were grown. The 8-azapurines and triazoles were 
added to EH. coli B/r, to give concentrations of 
0-8-2 mm when the culture had reached an optical 
density of about 0-1, and growth continued until 
a density of about 0-6 was reached. (8-Aza-adenine, 
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Fig. 2a. Growth of B. cereus in the presence of 8-aza-adenine 
and 8-azaguanine. x, 1:2 mm-8-aza-adenine; @, thine + 0-5 mm-hypoxanthine; O—O, control with no 
additions. The analogue was added at zero time. 
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Table 1. Correlation between inhibition of growth and incorporation as 8-azaguanylic acid 
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hypoxanthine. 


O, 5mmM-8-azahypoxanthine; @- - -®, 
10 mM-8-azahypoxanthine; x, 5 mm-8-azahypoxan- 





in the ribonucleic acids of tobacco mosaic virus, EK. coli and B. cereus 


+ indicates inhibition or incorporation, —no inhibition or incorporation and 0 not tested. 


Tobacco mosaic virus 


ee ee —— 


Incorpc 
Compound Inhibition ation 


8-Azaguanine 
Dimethylamino-8-azaguanine : = 
8-Aza-adenine 
8-Azahypoxanthine - - 
8-Azaxanthine - = 
8-Azaisoguanine - - 


5(4)-Amino-1H-1:: 
5(4)-Amino-1H-1 






3-triazole-4(5)-carboxylic acid - - 
3-triazole-4(5)-carboxyamide L + 


5-Hydroxy-1H-1:2:3-triazole - - 


or- 


E. coli B/r B. cereus 
———_—__—_“— —_—__—_—_\ -¢ $A, 
Incorpor- Incorpor- 
Inhibition ation Inhibition ation 
+ + “+. 
0 0 _ 7 
L. + _- _ 
= 7 g T 
of =_ -_ 
0 0 - - 


Table 2. Incorporation of 8-azaguanine into ribonucleic acids of various sources 


Source Analogue supplied 


Tobacco mosaic virus* 8-Azaguanine 
Turnip yellow mosaic virust 8-Azaguanine 
Pea embryos 8-Azaguanine 
Mouse spleent 8-Azaguanine 
Mouse livert 8-Azaguanine 
Mouse tumour (537){ 8-Azaguanine 
Escherichia coli 8-Azaguanine 
8-Aza-adenine 


5(4)-Amino-1H-1:2:3-triazole- | 


4(5)-carboxyamide 
8-Azahypoxanthine 


Bacillus cereus 8-Azaguanine 
8-Azaxanthine 


Staphylococcus aureus 8-Azaguanine 


* Matthews (1954). + Matthews (1955). 


+ 
+ 


Guanine residues 
in RNA replaced 
by 8-azaguanine 
(%) 
3 
<i 
<l 


0-5-1 


1-2 


5-10 
40 
>20 


>2 


Lasnitzki et al. (1954). 





be 
de 
cei 


We 


an 
tic 


in 
of 
az. 
sel 
in’ 


th 


8-3 
re] 


in 
in 
R) 
az 
re] 
az 
aZi 
col 
an 
R 
we 
vil 
as 


az 
int 
hi 
pr 
sil 





1957 


-aza- 
- -@, 
xan- 
h no 


por- 


Vol. 66 


being more inhibitory, was added at a higher cell 
density.) Conditions for the experiments with B. 
cereus were similar, with the exception that lower 
concentrations of 8-azaguanine and 8-azaxanthine 
were used (0:26 mm). 

For experiments on incorporation, tobacco 
mosaic virus was grown on tobacco plants and the 
analogues were sprayed on the leaves at concentra- 
tions of 10 mM. 

The ribonucleic acids of HE. coli, B. cereus and 
tobacco mosaic virus grown under these conditions 
were analysed for their content of 8-azaguanylic 
acid (‘Table 2). For comparison we have included in 
Table 2 the extent of incorporation of 8-azaguanine 
into the RNA of other organisms. In the RNA of 
tobacco mosaic virus the 8-azaguanine incorporated 
quantitatively replaces part of the nucleic acid 
guanine, so we have expressed 8-azaguanine in- 
corporation as (in molar quantities) 100 x (8- 
azaguanine)/(8-azaguanine + guanine). This is equal 
to the percentage of guanine residues replaced by 
8-azaguanine, and we shall refer to this as the 
percentage replacement. 

The percentage replacement in RNA of E. coli B/r 
was comparatively low (2-5%). In RNA from the 
B. cereus cultures 2-5 hr. after addition of 8-aza- 
guanine the replacement was 23%, and on further 
incubation of the culture increased to a maximum 
of about 40%. This difference in extent of 8- 
azaguanine incorporation parallels the difference in 
sensitivity of the two organisms to 8-azaguanine 
inhibition. 8-Azaguanine was also incorporated into 
the RNA of the purine-requiring HZ. coli 55 grown in 
H medium containing 0-2 mm guanine and 1 mm 
8-azaguanine ; 2-5 % of the nucleic acid guanine was 
replaced. 

Interconversions of 8-azapurines. While attempt- 
ing to determine whether 8-aza-adenine could be 
incorporated in bacterial RNA we noticed that 
RNA of E. coli B/r grown in the presence of 8- 
aza-adenine contained 8-azaguanine (about 5% 
replacement). 8-Azahypoxanthine and aminotri- 
azolecarboxyamide were also converted into 8- 
azaguanine which was incorporated in RNA of Z. 
coli. 8-Aza-adenine and aminotriazolecarboxy- 
amide were incorporated as 8-azaguanine in the 
RNA of tobacco mosaic virus when these substances 
were sprayed on tobacco plants during growth of the 
virus. In B. cereus only 8-azaxanthine underwent 
a similar conversion. 

The results in Table 1 show that only those 8- 
azapurines and triazoles which are incorporated as 
8-azaguanine into RNA inhibit growth and that 
incorporation is in all cases associated with in- 
hibition. Both incorporation and inhibition are 
prevented by the addition of the natural purine 
simultaneously with its analogue. 

From the properties of synthetic 8-aza-adenine 
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and 8-aza-adenosine the position of 8-aza-adenylic 
acid in the two-dimensional chromatographic and 
electrophoretic technique can be predicted. We 
could not detect any 8-aza-adenylic acid in alkaline 
hydrolysates of RNA from E. coli or B. cereus grown 
in the presence of 8-aza-adenine, 8-azaguanine, 8- 
azahypoxanthine or aminotriazolecarboxyamide. 


Deoxyribonucleic acids 


E.coli. DNA isolated from FZ. coli strains B/r and 
55 grown in 8-azaguanine-containing medium was 
examined for its content of 8-azaguanine. The 
8-azaguanine replacement in the RNA of these 
bacteria was about 5%. Each DNA (1-3 mg.) was 
hydrolysed in N-HCl for 55° to liberate the purines. 
The hydrolysates were run on paper chromatograms 
in solvent mixture (2) with 8-azaguanine as a 
separate marker. The area corresponding to 8- 
azaguanine and adenine was eluted and the eluate 
was placed on chromatograms and run in solvent 
mixture (1) in which 8-azaguanine runs behind 
adenine. No 8-azaguanine was found. Since 
0-5 ug. of 8-azaguanine could have been detected, 
the most that could have been incorporated into the 
DNA would have been less than 0-:15% of the 
guanine. 

T, bacteriophage. In both single-burst and 
multiple-cycle phage-growth experiments, 8-aza- 
guanine had no significant effect on the yield 
(measured by plaque counts) of T,r or T,r* grown 
on E. coli B/r. The 8-azaguanine was added to give 
concentrations varying from 0-6 to 10 mm either at 
the time of infection or 90 min. earlier. A 31. 
culture of E. coli B/r was grown in H medium to a 
bacterial density of 6 x 108 cells/ml., when T,r* to 
give 10° particles/ml. and 8-azaguanine (to give 
1 mM) were added simultaneously, and the bacteria 
were left to lyse. The lysate contained 101 phage 
particles/ml. The phage DNA was isolated and 
hydrolysed in 72 % HC10, at 100° for 1 hr. (Marshak 
& Vogel, 1950). The hydrolysate was run on chro- 
matograms as described for H. coli DNA. No 8- 
azaguanine could be detected. 8-Azaguanine itself 
was shown to be unaffected by this type of hydro- 
lysis. 

B. cereus. DNA from B. cereus grown in 8- 
azaguanine-containing medium contained small 
amounts of 8-azaguanine, and from this nucleic acid 
we isolated a substance with the expected properties 
of 8-azaguanine deoxyribonucleoside. The DNA 
was completely freed from RNA by treatment with 
N-KOH and subsequent reprecipitation of the 
nucleic acid. It was successively hydrolysed with 
deoxyribonuclease and Crotalus adamanteus venom 
to the deoxyribonucleosides. The hydrolysate was 
run on a paper chromatogram in solvent mixture (1) 
and the band containing deoxyguanosine eluted 
with water. This material was run on paper electro- 
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phoresis on 0-05m-borate buffer (pH 9) with 8- 
azaguanine as a marker. After 0-75 hr. at about 
20v/em. the 8-azaguanine marker had migrated 
10cm. The eluted material contained a band of 
deoxyguanosine which moved 2cm. and a band 
fluorescent in ultraviolet light at both neutral and 
alkaline pH which moved 6-7 em. The mobility of 
this material is less than that of 8-azaguanine ribo- 
nucleoside, which forms a borate complex, and 
corresponds to that expected of the deoxyribonu- 
cleoside. After elution from the paper this material 
was hydrolysed in nN-HCl at 55° for Lhr. This 
treatment hydrolyses purine deoxyribonucleosides 
without appreciable breakdown of ribonucleosides. 
The hydrolysate was run on chromatograms in 
solvent mixtures (2) and (3), where in each case it 
gave a single spot with the R, values and fluor- 
escence characteristic of 8-azaguanine. We tenta- 
tively conclude that the fluorescent material iso- 
lated from the electrophoresis run was 8-azaguanine 
deoxyribonucleoside. It amounted to less than 1% 
of the deoxyguanosine in the hydrolysate. The 
8-azaguanine replacement in the RNA from the 
bacteria was 22 %. 

Distribution of 8-azaguanine in 

ribonucleic acids of B. cereus 


In B. cereus the high incorporation of 8-azaguanine 
in its RNA enabled us to determine whether the 
8-azaguanine replaced guanine residues at random 
in the RNA chains, or whether it preferentially 
occupied certain positions. The RNA was digested to 
completion with pancreatic ribonuclease. The main 
products of this hydrolysis are pyrimidine nucleo- 
side, 3’-phosphates and polynucleotides consisting 
of one or more adjacent purine nucleotide residues 
terminated by a pyrimidine nucleotide residue. In 
the intact nucleic acid chain these polynucleotides 
were joined through their purine nucleotide end to 
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a pyrimidine nucleotide residue. Among the 
hydrolysis products are also found small amounts of 
purine nucleoside, 2’:3’-(monohydrogen phosphates) 
(cyclic nucleotides) which originate from terminal 
cyclic purine nucleotide residues linked through 
their 5’ positions to an adjacent pyrimidine nucleo- 
tide residue (Markham & Smith, 1952c). Thus from 
the distribution of 8-azaguanylic acid residues 
among the ribonuclease digestion products some 
conclusions may be drawn as to the arrangement of 
these residues in the intact nucleic acid. 

The digestion products can be partially fraction- 
ated by paper chromatography in solvent mixture 
(1). The guanine derivatives separate in the follow- 
ing order of decreasing R, value: cyclic guanylic 
acid, dinucleotides, and polynucleotides in order of 
increasing size. Polynucleotides containing more 
than four nucleotide residues do not move. The 
band containing the cyclic guanylic and 8-aza- 
guanylic acids and a series of bands in the poly- 
nucleotide region were eluted, the material was 
hydrolysed in KOH and the relative proportions of 
guanylic and 8-azaguanylic acids were determined. 

Table 3 shows the results of analysis of RNA 
isolated from samples of a B. cereus culture taken at 
various times after the addition of 8-azaguanine 
The percentages of 8-azaguanine replacement in the 
RNA after 5min. and 2hr. were 3-2 and 22% 
respectively. In both cases the cyclic purine nucleo- 
tide end groups contained the greatest proportion 
of 8-azaguanylic acid, although the ratio (cyclic 
guanylic+cyclic 8-azaguanylic aeids)/(total gu- 
anylic + 8-azaguanylic acids) in the RNA was about 
the same for both samples. The percentage of 8- 
azaguanine replacement increases as the R,, value of 
the polynucleotide in this solvent increases. This 
means that in the polynucleotide size range of 
2—4 residues the proportion of guanine replaced by 
8-azaguanine increases with decreasing chain length 





Table 3. Percentage replacement of 8-azaguanine in various fractions from ribonuclease digests 
of B. cereus RNA 
Bands 1-3 are arbitrary cuts of the paper after chromatography in solvent mixture (1). They cover the region occupied 


by polynucleotides and are numbered in order of increasing Ry value (decreasing chain length). The precise areas cut out 
in these bands for the 5 min. and 2 hr. samples do not correspond. 


Time of growth in pr 





nce of 0-26 mM 8-azaguanine 








5 min. 2 hr. 
A A 





Percentage of 
8-azaguanine 
replacement 


Fraction 


Total RNA 3-2 
Band 1 2:8 
Band 2 4-4 
Band-3 7-4 


»7.€ 


Guanosine-2’:3’-(cyclic phosphate) band 17 





Percentage of 
total RNA 
guanine and 

8-azaguanine 


Percentage of 
total RNA 
guanine and 

8-azaguanine 


Percentage of 
8-azaguanine 


in band replacement in band 
100 22 100 
60 15-3 39 
25 22 14 
5-5 27 21 
76 69 6-0 
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Table 4. Ethanol fractionation of B. cereus ribonucleic acid containing 8-azaguanine 


Percentage 8-azaguanine 


replacement (Guanine + 8-azaguanine) 





Fraction precipitated between: 
0-50 % (v/v) ethanol—-water, pH 7 
50-60 % ethanol—-water, pH 7 
60-70 % ethanol—-water, pH 7 
70% ethanol, pH 3 

Total RNA 


of the ribonuclease-resistant polynucleotides. A 
similar distribution of 8-azaguanine, both in the 
polynucleotides and the cyclic nucleotides, was 
found in RNA from B. cereus grown in a medium 
containing 8-azaxanthine. Two hours after the 
addition of 8-azaxanthine to give 0:26 mm, the 
8-azaguanine replacement in the RNA was 22% 
and that in the cyclic purine nucleotides liberated 
by ribonuclease was 90 %. The same distribution was 
found in RNA prepared by any of the three methods, 
including method (3) where heating of the nucleic 
acid is avoided. 


Fractionation of RNA containing 8-azaguanine 


We fractionated the RNA preparations according 
to polynucleotide chain lengths, either by precipi- 
tation with ethanol or by dialysis against concen- 
trated solutions of common salt. For these experi- 
ments we used RNA from B. cereus grown for 2-5 hr. 
after the addition of 8-azaguanine to give 0-26 mm. 
The percentage of RNA guanine replaced by 8- 
azaguanine was 22. 

Ethanol precipitation. Ethanol was added to an 
aqueous solution of the nucleic acid (15 mg./ml.) to 
give an ethanol concentration of 50% (v/v), the 
solution was kept at room temperature for 10 min. 
and the precipitate was collected by centrifuging. 
Two more RNA fractions were precipitated from 
the supernatant by successively adjusting the solu- 
tion to 60 and 70 % (v/v) ethanol—water. A fourth 
fraction was precipitated from the supernatant of 
the third fraction after standing 18 hr. at room 
temperature in 70 % (v/v) ethanol adjusted to pH 3 
with acetic acid. Almost all the polyribonucleotides 
originally present in the solution were recovered in 
these four fractions. 

Dialysis against 2m-sodium chloride. An aqueous 
solution (10 ml.) containing 15 mg. of RNA/ml. was 
dialysed against water in a Visking cellulose bag; 
only traces of material absorbing light at 260 mp 
passed outside the bag. The solution was then 
dialysed against three changes of 10 ml. of 2mM-NaCl 
for 24hr. each time. The combined first two 
dialysates contained 20-25% of the material 


A terminal cyclic 


~ ° e 
Terminal nucleotide residues 


Whole cyclic purine total guanine + 
fraction nucleotides 8-azaguanine residues 
17 68 1/27 
18 69 1/30 
16 61 1/16 
30 80 1/12 
22 69 — 


Table 5. Fractionation of B. cereus ribonucleic 
acid containing 8-azaguanine by dialysis against 


2m-sodium chloride ® 
Percentage replacement of 


guanine by 8-azaguanine 





? : 
Terminal cyclic 


Whole purine nucleo- 
fraction tide residues 
Undialysed RNA 22 69 
Material inside the bag 22 57 
after dialysis 
Material which passed 28 71 


through the bag 
originally placed in the sack, as measured by 
absorption at 260 mp. Only traces of material 
absorbing at 260 my passed outside the sack in the 
third dialysis. 

To demonstrate that no enzymic breakdown of 
the nucleic acid was taking place during the dialysis, 
a portion of the solution remaining inside the bag 
was diluted with 4 vol. of water and left 26 hr. at 
room temperature. Of this diluted solution 5 ml. 
was then dialysed against 5 ml. of 2mM-NaCl with 
stirring for 48 hr. Less than 2 % of the polynucleo- 
tides passed outside the sack (estimated from ultra- 
violet absorption at 260 my). 

The polynucleotide fractions obtained by these 
two methods were analysed for their content of 
8-azaguanylic acid and for the proportions of cyclic 
8-azaguanylic end groups liberated as cyclic 8- 
azaguanylic acid after ribonuclease digestion. The 
results are given in Tables 4 and 5. The fraction 
which was dialysed through the cellulose bag 
against 2M-NaCl and that which was precipitated by 
70% (v/v) ethanol at pH 3 contained higher pro- 
portions of 8-azaguanine and of cyclic 8-azaguanylic 
acid end groups. 


Evidence for exchange between guanine and 
8-azaguanine in RNA of B. cereus 


When guanine (to give 0-16 mm) is added simul- 
taneously with 8-azaguanine (to give 0-33 mm) to an 
exponentially growing culture of B. cereus, neither 
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growth inhibition nor 8-azaguanine replacement in 
the RNA occurs. If the guanine is added some time 
during inhibition by 8-azaguanine, the growth rate, 
as measured by optical density, increases over about 
60 min. until it reaches that of normal bacteria. 
We measured the changes in total RNA content of 
the cells and the proportion of 8-azaguanine in the 
nucleic acid, after the addition of guanine to cultures 
of B. cereus inhibited by 8-azaguanine. Parallel 
cultures were also run without the addition of 
guanine. Table 6 shows the results from such 
experiments. The proportion of 8-azaguanine in 
the bacterial RNA falls much more rapidly than 
can be accounted for by dilution with newly 
synthesized RNA devoid of 8-azaguanine. There is 
no evidence in these experiments from measure- 
ments of turbidity or total cell RNA for any appreci- 
able lysis of the cells during this period. Evidently 
there is some type of rapid exchange leading to 
the loss of 8-azaguanine present in the bacterial 
RNA. 


8-Azaguanosine and 8-azaxanthosine in B. cereus 


We examined cells of B. cereus grown in 8-aza- 
guanine for their content of non-nucleic acid 8- 
azaguanine derivatives. The bacteria were grown 
for 2 hr. in the presence of 0-26 mm 8-azaguanine. 
The washed cells were then extracted in boiling 
70% (v/v) ethanol—water for about 20 min., the 





Table 6. Replacement of 8-azaguanine by guanine 
in the ribonucleic acid of B. cereus 


In each experiment 8-azaguanine to give final concentra- 
tion 0-33 mm was added to identical cultures. Guanine, 
to give a final concentration of 0-16 mm, was added to 
culture 2 after 30 min. 


Experiment 1 
Percentage of 
8-azaguanine 
replacement in 
bacterial RNA 


Relative amounts 
of RNA in the 
cultures* 


Time after 
addition of 
8-azaguanine 





- ae ea ee 
Culture 1 Culture 2 Culture 1 Culture 2 


(min.) 
30 13-5 13-5 2-62 2-62 
60 16-9 7-7 3°13 3-16 
120 28-2 4-0 3-76 5-66 


Experiment 2 
Time after Percentage of 8-azaguanine Relative 
addition of replacement in bacterial RNA total RNA 


8-azaguanine §=———__—___~__—__——_—_,_ contentt 
(min.) Culture 1 Culture 2 Culture 3 Culture 2 

30 20-8 - —— 1-00 

60 = = 38-8 é 

130 = 4-1 — 1-27 


* Based on optical density at 260 my of ribonucleotides 
after hydrolysis. 

+ From RNA pentose estimations on trichloroacetic 
acid extracts. 


bacteria were removed by centrifuging and the 
ethanol extract was concentrated to dryness by 
vacuum distillation. The residue was taken up in a 
small volume of water, insoluble material was 
removed by centrifuging and the supernatant was 
run on no. 3 MM paper in solvent mixture (1). 
A band with a bright-blue fluorescence in ultraviolet 
light (260 mp) was found in the position where 
guanosine runs in this solvent. This material was 
eluted with water and run on paper electrophoresis 
in 0:05M-borate, pH 9. Two bands migrated to- 
wards the anode and were eluted. The fast-moving 
band had a blue fluorescence (at 260 my, in acid 
or alkaline pH). It had the ultraviolet-absorption 
spectrum expected of 8-azaxanthosine (A,,,; 
257 mp in 0-1N-HCl), gave a positive orcinol 
reaction and contained no phosphorus. On hydro- 
lysis with N-HCl at 100° for 1 hr. the faster-moving 
band gave a substance with R, values in several 
solvents identical with those of 8-azaxanthine. The 
ultraviolet-absorption spectra of this product in 
0-1N-HCl and 0-1N-KOH were also identical with 
those of 8-azaxanthine. The more slowly migrating 
material from the electrophoretic runs in borate 
(pH 9) had a purple fluorescence in ultraviolet light 
(at acid and alkaline pH) and had the ultraviolet- 
absorption spectrum of 8-azaguanosine (A,,., 
255 mp in 0-1N-HCl). It also contained pentose but 
no phosphorus, and on hydrolysis with N-HCl gave 
a substance identical with 8-azaguanine both on 
paper chromatograms and in its ultraviolet- 
adsorption spectrum. We conclude that the faster- 
moving substance is 8-azaxanthosine and the second 
substance 8-azaguanosine. This is the order in 
which the two azapurines migrate at pH 9. 

The two nucleosides were the only fluorescent 
materials present in appreciable quantities on the 
chromatogram in solvent mixture (1). Nucleotides 
of 8-azaguanine may have been present in ethanol 
extracts of these bacteria, but, if so, they were in 
amounts considerably less than those of the 
nucleosides. 

DISCUSSION 
A number of structural analogues of the natural 
purines and pyrimidines are now known to be 
capable of replacing the corresponding bases in 
nucleic acids. These include: 5-chloro-, 5-bromo- 
and 5-iodo-uracils, which can replace thymine in 
DNA (Dunn & Smith, 1954; Zamenhof & Griboff, 
1954); 2-thiouracil, which can be incorporated into 
tobacco mosaic virus RNA (Jeener & Rosseels, 1953; 
Matthews, 1956); 8-azaguanine, which can replace 
guanine in several ribonucleic acids. With most 
organisms the proportion of ribonucleic acid 


guanine replaced by 8-azaguanine is low (1—5%); 


but in B. cereus this proportion can be as high as 
40 %. This approaches the extensive incorporation 
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observed with the 5-halogenated uracils in T, 
bacteriophage DNA, where 80% or more of the 
thymine can be replaced by 5-bromouracil. 

The 8-azapurines and _ substituted triazoles 
available to us offered a series of analogues of 
purines and their possible precursors, all differing 
from the correspondingly natural derivatives only 
by the replacement of the CH group in the 8 position 
of the purines by a nitrogen atom. The conversion 
of certain of these analogues into 8-azaguanine, 
incorporated in RNA, involves only changes in the 
substituents on the pyrimidine-ring portion of 
the molecule, and leaves the triazole ring intact, 
or, with 5(4)-amino-1H-1:2:3-triazole-4(5)-carboxy- 
amide, ring closure to form the 8-azapurine nucleus. 
E. coli, B. cereus and tobacco mosaic virus (multi- 
plying in N. tabacum) differ markedly in their 
,apacity toconvert 8-azapurines and 5(4)-amino-1H- 
1:2:3-triazole-4(5)-carboxyamide into nucleic acid- 
bound 8-azaguanine. Although we have not 
directly excluded the possibility that those an- 
alogues which were ineffective failed to enter the 
bacteria, it seems unlikely that such similar types 
of molecule should differ widely in their ability to 
penetrate the cell. We consider that the differences 
we have observed probably reflect differences 
among the three systems in the metabolic inter- 
relationships of the natural purines and their pre- 
cursors. One of the most striking of these is shown 
by the inhibition of B. cereus by 8-azaxanthine, 
which is incorporated as 8-azaguanine into the 
bacterial RNA. In all other systems that we have 
tested 8-azaxanthine is completely inert. It is of 
interest to compare the specificities of the ribo- 
nucleosidases and deaminases known to occur in 
B. cereus. Powell & Hunter (1956) have shown that 
disintegrated resting-spore suspensions of B. cereus 
have a _ribonucleosidase activity hydrolysing 
inosine and adenosine but not xanthosine and 
guanosine. These suspensions also deaminate 
adenosine but not adenine, guanine or guanosine. 

Comparing the action of the 8-azapurines and 
substituted triazcles on E. coli, B. cereus and 
tobacco mosaic virus, we have found that inhibition 
of bacterial growth or virus development and in- 
corporation of the analogue into RNA as 8-aza- 
guanine are in all cases correlated. Comparison of 
the effects of 8-azaguanine on HZ. coli and B. cereus 
also shows that the growth inhibition and amount of 
8-azaguanine replacement are qualitatively related. 
These results do not support the view that growth 
inhibition by the azapurines is largely due to their 
competitive inhibition of enzymes metabolizing 
the corresponding natural purines. Friedkin (1952) 
has shown that 8-azaguanine will form 8-azaguano- 
sine in the following type of reaction catalysed by 
an enzyme system from horse liver: 


Purine + ribose 1-phosphate = purine riboside. 
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Inhibition by 8-azapurines can be more satis- 
factorily explained by the failure of at least some 
of the RNA containing 8-azaguanine to function 
normally. In the case of tobacco mosaic and turnip 
yellow mosaic viruses the decreased infectivity of 
preparations containing 8-azaguanine in the virus 
RNA offers more direct evidence that the biological 
function of 8-azaguanine containing nucleic acid is 
impaired (Matthews, 1954, 1955). The demonstra- 
tion (Creaser, 1955) that 8-azaguanine inhibits the 
formation of the adaptive enzyme f-galactosidase in 
Staphylococcus aureus while allowing synthesis of 
RNA (containing 8-azaguanine) at the normal rate 
is also consistent with the view that 8-azaguanine 
inhibition is largely due to the synthesis of RNA with 
impaired functions. 

8-Azaguanine does not randomly replace guanine 
residues in the nucleic chains of B. cereus RNA. The 
distribution of 8-azaguanine among theribonuclease- 
resistant polynucleotides shows that in the intact 
nucleic acid 8-azaguanine replacement is greatest in 
short sequences of adjacent purine residues. The 
nucleic acid preparations contain a proportion 
of short polynucleotide chains (about 15-20%) 
comparatively rich in 8-azaguanine. The presence of 
these short chains may explain to some extent the 
distribution of 8-azaguanine in the ribonuclease- 
resistant polynucleotides. 

The greatest replacement by 8-azaguanine is in 
the purine nucleoside 2/:3’-(monohydrogen phos- 
phates) (cyclic nucleotides) found after complete 
ribonuclease digestion. These originate from those 
terminal purine nucleotides bearing 2’:3’-(cyclic 
phosphate) groups and linked by their 5’-CH,"OH 
groups to neighbouring pyrimidine nucleotide 
residues (Markham & Smith, 1952c). This type of 
end group is found in turnip yellow mosaic virus 
nucleic acid prepared solely by treatment with 
ethanol—water solutions at 20°, where its formation 
by chemical degradation of the nucleic acid during 
isolation may be precluded. However, we have 
considered the possibility that the high proportion 
of ‘cyclic’ 8-azaguanylic acid terminal residues in 
the B. cereus RNA might be formed during the 
isolation of the nucleic acid by a preferential 
rupture of the chains, breaking a 5’ phosphodiester 
bond distal to an 8-azaguanine residue and forming 
a cyclic 8-azaguanylic acid end group. Our data do 
not support such an interpretation. Similar pro- 
portions of cyclic azaguanylic acid end groups are 
obtained from B. cereus RNA prepared by any of 
the three methods we used. In the experiment 
described in Table 3 the ratio (cyclic guanylic + 
cyclic 8-azaguanylic acid end groups)/(total RNA 
guanylic + 8-azaguanylic acids) is the same in RNA 
preparations containing 3 and 22% of total 8- 
azaguanine replacement, and the proportions of 
8-azaguanine in the end groups are 17 and 69% 
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respectively. The high proportion of cyclic 8- 
azaguanylic acid terminal groups can be considered 
as due either to the formation of incomplete RNA 
chains where further polynucleotide synthesis has 
been blocked by the presence of an 8-azaguanine 
terminal residue, or to the more rapid turnover of 
cyclic purine nucleotide end groups. 

The exchange found between guanine and 8- 
azaguanine in B. cereus RNA may be compared with 
that between 5-bromouracil and thymine in LF. coli 
DNA (Zamenhof, Reiner, Giovanni & Rich, 1956). 
These workers showed that 5-bromouracil supplied 
to non-dividing cells in a suitable medium was in- 
corporated into the bacterial DNA without any 
significant increase in the total DNA of the culture. 
In our experiments the converse type of exchange 
was studied, namely the replacement of the 
analogue already incorporated in the nucleic acid by 
the natural purine. This exchange was accompanied 
by growth of the cells and increase in total cell RNA. 
We have not yet elucidated its mechanism or 
whether it is related to any turnover of RNA which 
might normally occur in these cells. 

One may speculate on the differences between 
guanine and 8-azaguanine which are responsible for 
the failure of 8-azaguanine-containing RNA to 
function normally. The replacement of the CH 
group in the purine 8 position by a nitrogen atom 
changes the shape of the purine ring to a small degree 
and considerably alters other properties of the 
molecule. In particular, the dissociation constants 
of the 6-oxo and 2-amino groups of 8-azaguanine are 
about 2 pH units lower than those of guanine. This 
may affect the ability of an 8-azaguanine residue in 
a nucleic acid to participate in a hydrogen-bonded 
structure involving these substituent groups. We 
have considered this as an explanation for the 
failure of 8-azaguanine to be incorporated into 
E. coli and T, bacteriophage DNA and the low in- 
corporation observed in B. cereus DNA. However, 
the 5-halogenated uracils which extensively replace 
thymine in EF. coli and bacteriophage DNA also 
have 6-oxo groups with pK values about 2 units 
lower than those of thymine. Further study of the 
properties of nucleic acids containing abnormal 
bases may help in relating the molecular configura- 
tion and function of the natural purines and 
pyrimidines in nucleic acids. 


SUMMARY 


1. Growth of Escherichia coli is inhibited by 8- 
azaguanine, 8-aza-adenine, 8-azahypoxanthine and 
5(4) -amino - 1H - 1:2:3 - triazole -4(5)-carboxyamide. 
Growth of Bacillus cereus is inhibited by 8-azagu- 
anine and 8-azaxanthine. Development of tobacco 
mosaic virus in tobacco plants is inhibited by 
8-azaguanine, 8-aza-adenine and 5(4)-amino-1H- 
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1:2:3-triazole-4(5)-carboxyamide. Other 8-aza- 
purines and substituted triazoles tested in these 
systems are not inhibitory. 

2. Inall cases, those 8-azapurines and substituted 
triazoles which inhibit bacterial growth or virus 
development are incorporated into the bacterial or 
virus ribonucleic acid as 8-azaguanine. In B. cereus 
8-azaguanine is incorporated in amounts up to 40 % 
of the ribonucleic acid guanine. 

3. The distribution of 8-azaguanine in B. cereus 
ribonucleic acid is not random. The highest ratio 
8-azaguanine/guanine is found in the terminal 
purine nucleoside 2’:3’-(monohydrogen phosphate) 
residues liberated by pancreatic ribonuclease. The 
ratio 8-azaguanine/guanine in the polynucleotides 
resulting from ribonuclease digestion increases with 
decreasing polynucleotide size. 

4. B. cereus ribonucleic acid containing 8- 
azaguanine has been fractionated according to 
polynucleotide size. The shorter nucleic acid chains 
contain more 8-azaguanine than the larger chains. 
They also contain a greater proportion of terminal 
cyclic 8-azaguanylic acid residues. 

5. Addition of guanine to B. cereus cells pre- 
viously grown in the presence of 8-azaguanine 
results in a rapid replacement by guanine of the 
8-azaguanine in the ribonucleic acid. 

6. 8-Azaguanosine and 8-azaxanthosine have 
been identified in ethanol extracts of B. cereus 
grown in media containing 8-azaguanine. 

7. A small amount of 8-azaguanine is incor- 
porated into B. cereus deoxyribonucleic acid. 
8-Azaguanine deoxyribonucleoside has been ten- 
tatively identified in hydrolysates of such nucleic 
acid. No incorporation of 8-azaguanine could be 
detected in the deoxyribonucleic acids of EF. coli or 
T, bacteriophage grown in the presence of the 
analogue. 


We wish to thank Dr R. Markham and Dr C. Dekker for 
valuable discussions, the American Cyanamid Co. and 
Dr J. Davoll of the Parke Davis Co. for gifts of the synthetic 
analogues, and the Medical Research Council Unit for 
Research in Antibiotics, Clevedon, for large-scale prepara- 
tions of bacteria. 
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Adenine Succinic Acid and Adenylsuccinic Acid from 
Mammalian Liver: Isolation and Identification 


By W. K. JOKLIK 
Department of Microbiology, John Curtin School of Medical Research, 
Australian National University, Canberra 


(Received 30 October 1956) 


Hurlbert, Schinitz, Brumm & Potter (1954) have 
described the chromatography on Dowex columns 
of purine and pyrimidine derivatives occurring in 
acid extracts of rat liver. The resolving power of the 
systems used was considerable, and the separation 
of a large number of substances was demonstrated. 
Many of these were characterized, such as mono-, 
di- and tri-phosphorylated derivatives of guanosine, 
cytidine and uridine, which appear to be analogous 
to those of adenosine. Other compounds, including 
a group of substances containing uridine diphos- 
phate and carbohydrate, were identified tentatively. 
However, there were a number of compounds which 
were not investigated beyond determination of the 
spectrum and phosphate and ribose content, since 
in most cases they were present in amounts too small 
for further analysis. 

Purine and pyrimidine derivatives have, in 
recent years, been shown to be constituents of 
several highly active metabolic intermediates. 
Examples are: guanosine diphosphate mannose 
(Cabib & Leloir, 1954); uridine diphosphate glucose 
(Caputto, Leloir, Cardini & Paladini, 1950), and 
related compounds; cytidine diphosphate choline 





(Kennedy & Weiss, 1955) and cytidine diphosphate 
ribitol (Baddiley, Buchanan, Carss & Mathias, 
1956); S-adenosylmethionine (Cantoni, 1953) 
and adenosine 3’-phosphate 5’-phosphosulphate 
(Robbins & Lipmann, 1956). Many more compounds 
of this type probably occur. The chromatographic 
procedure of Hurlbert et al. (1954) is well adapted 
for the isolation of such substances, and it is not 
unlikely that some of the compounds detected but 
not identified by them are purine and pyrimidine 
derivatives of the type discussed. Thus there would 
appear to be a need for much further work on the 
identification of these substances, which occur in 
traces only. 

The isolation and characterization of two ultra- 
violet-light-absorbing substances occurring in small 
amounts in acid extracts of mouse and rabbit liver is 
reported in this paper. They are adenine succinic acid 
[6-(1:2-dicarboxyethylamino)purine] and adeny]l- 
succinic acid [6-(1:2-dicarboxyethylamino-9-ribo- 
5’-phosphate)purine]. These two substances are 
related in the same way as adenine and 5’-adenylic 
acid (AMP-5’). No nucleoside corresponding to these 
compounds was detecttd. Adenine succinic acid has 





334 W. K. JOKLIK 1957 


not previously been reported as occurring in 
biological material; adenylsuccinic acid was found 
by Carter & Cohen (1955) to be formed from AMP-5’ 
and fumaric acid in yeast autolysates, and was 
shown by Lieberman (1956a) to be an intermediate 
in the transformation of 5’-inosinic acid (IMP-5’) to 
AMP.-5’ in extracts of Escherichia coli. 

A preliminary report of this work has appeared 
(Joklik, 1956). 


METHODS 


Chromatography 


Preparation of material for chromatography. Rabbits were 
killed by injecting 3 ml. of saturated MgSO, into the ear 
vein. The livers were then removed as rapidly as possible and 
each was placed into 150 ml. of ice-cold HCO, (0-6 Mm) in a 
Waring Blendor. After blending for 30 sec., the homogenates 
were stored at 4° until the required number of livers had 
been removed. The homogenates were then centrifuged, the 
precipitate was extracted with 2 vol. of 0-2m-HCIO, and the 
extracts were combined, neutralized to pH 6-7 with KOH 
and stored in the cold. The precipitated KCIO, was filtered 
off after 20 hr. 

Mice were killed by cervical dislocation, and the livers 
removed and dropped into liquid air. When the required 
number of livers had been collected the liquid air was 
removed and the livers were homogenized in HClO, as 
described above. 

Since the two compounds investigated occur only in very 
small amounts, it was necessary to work with large batches 
of liver; usually ten rabbit livers or 300 mouse livers were 
worked up during one preparation. This resulted in about 
1-5 1. of extract. In order to remove the still considerable 
amount of KCIO,, which would reduce the capacity of the 
ion-exchanger used for the subsequent chromatography, 
the extract was concentrated ten times in vacuo and then 
thoroughly chilled to precipitate the perchlorate as com- 
pletely as possible. 

Several experiments were carried out with HClO, 
extracts which had been hydrolysed with n-HCIO, for 
30 min. at 100°. It was essential to carry out the hydrolysis 
before concentration of the extract, as acid treatment of the 
concentrated extract led to extensive darkening, possibly 
owing to interaction of carbohydrate and amino acids 
(humin formation). When such material was applied to 
columns, high blanks were experienced and coloured 
material was constantly eluted from the columns. 

Chromatography on Dowex columns. The resin used was 
Dowex-1 (X-8) (chloride), 200-400 mesh (The Dow Chemical 
Co., Midland, Michigan). This was converted into the for- 
mate form; gradient elution was used. The arrangement of 
apparatus, as well as the techniques of using the columns 
and regenerating the resin, has been described in detail by 
Hurlbert et al. (1954). 

Three chromatographic systems were used. The first two 
were the formic acid and the ammonium formate systems of 
Hurlbert et al. (1954); the third was a combination of an 
‘alkaline ammonium formate system’ and the formic acid 
system, and was used for the chromatography of acid- 
hydrolysed liver extracts. In this system the starting 
eluent was 0-1M-ammonium formate brought to pH 10 with 
ammonia; the reservoir contained initially 0-1 M-ammonium 


formate brought to pH 4-0 with formic acid. After ten bed 
volumes of eluent had passed through the column this was 
changed to N-formic acid, and after a further five bed 
volumes to 4N-formic acid. Thesize of the fractions collected 
(5-50 ml.) was varied from column to column and depended 
on the resolution aimed at. The eluate was stored in the cold 
until analysed. 

Rechromatography. Fractions eluted by means of one 
chromatographic system were often rechromatographed by 
another system. As a rule the first system was the formic 
acid system. In this case the eluent was removed by means 
of freeze-drying. After chromatography by means of the 
ammonium formate system, either the eluent was removed 
by freeze-drying and sublimation of the ammonium formate 
in vacuo at 50°, or the substances to be investigated were 
adsorbed on Norit, after which they were eluted with 
ethanol—water-ammonium hydroxide (5:4:1). 

Paper chromatography. All paper chromatography was by 
upward displacement. The solvent systems used were: 
(i) phenol-water (Consden, Gordon & Martin, 1944); 
(ii) pyridine—acetic acid—water (Decker & Riffart, 1950). 
Ultraviolet-light-absorbing compounds were made visible by 
means of a Mineralight lamp (Ultra-Violet Products Inc., 
South Pasadena, California) with maximum emission at 
250 mp, and amino acids by means of dipping into nin- 
hydrin in isopropanol, followed by heating. 

Paper electrophoresis. Paper electrophoresis was carried 
out in shallow Perspex trays, CCl, being used to prevent 
evaporation of buffer. The potential gradient used was about 
8v/cm. The pH of the buffer was varied as required according 
to the separation desired. Between pH 2-5 and 6 citrate 
buffer was used; at more acid pH and in the alkaline region 
glycine buffers were employed. The concentration was 
usually 0-1m, though equally good results were obtained 
when it was increased; this was sometimes necessary when 
samples containing considerable amounts of salts were 
treated. Unwashed strips, 1 cm. wide, of Whatman no. 3MM 
paper were used. Regions where compounds to be investi- 
gated had been localized were cut out and eluted with 
0-1n-HCl. 


Analytical procedures 


Measurement of ultraviolet-light absorption. A model DU 
Beckman spectrophotometer was used. Readings were 
always made at pH 1-2, at 260 and 275 mp; the ratio 
E475/Eg9 Was extensively used in the interpretation of 
chromatograms. 

Throughout this work quantities of ultraviolet-light- 
absorbing materials are expressed as DU (density units); 
1 DU represents that amount of material which when dis- 
solved in 1 ml. gives an optical density of 1-000 in the 
Beckman spectrophotometer when the light path is 1 cm. 
Spectrophotometric data for naturally occurring purines 
and pyrimidines, and their nucleosides and nucleotides, 
were taken from Chargaff & Davidson (1955). 

Phosphate. Phosphate was determined by the method of 
Fiske & Subbarow (1925), with 1-amino-2-naphthol-4- 
sulphonic acid as the reducing agent, and the final volume 
2-0 ml. The colour was measured at 660 my. Acid-labile 
phosphate was that hydrolysed with n-acid at 100° in 
10 min. Total phosphate was estimated after digestion with 
HClO, at 150-170°. The samples were then neutralized with 
NaOH, after which the procedure described above was 
followed. 
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Ribose. The modification by Hurlbert et al. (1954) of the 
Mejbaum procedure was used. 

Hunter’s reaction for thymine. The reaction was carried out 
as described by Hunter (1936) except that the volumes were 
decreased by 40% throughout. 

Test for diazotizable amines. This test was carried out by 
a modification of the method of Ravel, Eakin & Shive (1948). 
To the sample (10-100 ug. of amine) were added 1 ml. of 
n-HCl, 1 ml. of ethanol and 0-5ml. of 0:1% NaNOQ,. 
After 10min. 0-5 ml. of 0:5% ammonium sulphamate 
was added; after 3 min. this was followed by 0-5 ml. 
of 0:1% N-ethylnaphthylamine. The colour developed 
was read at 520 my after 20 min. 


Preparative 


Formic acid hydrolyses. Hydrolyses with 90 % formic acid 
were carried out (i) at 170° for 30 min. in order to hydrolyse 
the base-ribose bond of nucleotides, and (ii) at 180° for 
ihr. in order to decompose adenine succinic acid. Since 
hydrolysis in sealed glass tubes is rather troublesome, this 
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Fig. 1. Steel bomb for formic acid hydrolyses. The bomb 
consists of: a stainless-steel cylinder A into which is 
placed the open glass tube containing the sample to be 
hydrolysed; a stainless-steel cap B; and a mild-steel 
stirrup C by means of which B is firmly clamped 
to A. 
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was carried out in open tubes inserted into a small bomb 
(Fig. 1) which was placed in a paraffin bath. The bomb was 
constructed of stainless steel; the sealing surfaces were 
lightly coated with silicone grease. The bomb proved to be 
gas-tight at the considerable pressures built up at 180°; the 
gases escaped quietly on opening, without loss of formic acid 
from inside. After hydrolysis the samples were prepared for 
chromatography or electrophoresis as described by Wyatt & 
Cohen (1953). 

Decomposition of adenine succinic acid by hydrolysis with 
barium hydroxide. Adenine succinic acid (synthetic, 40 mg.) 
was refluxed with 5 ml. of saturated Ba(OH), for 20 hr. The 
reaction mixture was then diluted to 100 ml. and carefully 
neutralized with H,SO,. The precipitated BaSO, was 
removed and the solution evaporated. 

Synthesis of adenine succinic acid. Carter (1956) has 
briefly outlined the synthesis. The procedure employed here 
was as follows: 2-33 m-moles of 6-chloropurine (prepared by 
the method of Bendich, Russell & Fox (1954)) were dissolved 
in 40 ml. of water and 4 m-moles of L-aspartic acid added. 
The pH was adjusted to 9-5 with NaOH, and the mixture 
refluxed. The course of the reaction was followed by changes 
in E,5/Eog9- The ratio started at 0-62 and had risen to 1-00 
after 1 hr. and to 1-39 after 3 hr. The reaction mixture was 
then added to 200 ml. of ethanol, and left at — 20° for 24 hr. 
An oil settled out; the supernatant was decanted and again 
diluted threefold with ethanol; after chilling, more oil 
separated out. The oil readily solidified on scratching. The 
combined deposits were taken up in water; E,;/Eg9 was 
1-56 at pH 1. The product was then chromatographed on 
Dowex-1 (formate), the formic acid system being used. The 
bulk of the material was eluted as a single band, with 
L475/Eog9 about 1-67. Eluent was removed by freeze-drying 
the yield was 1-3 m-moles, assuming a mol.wt. of 251. The 
material was recrystallized first from ethanol, and then from 
water. €,, at pH 1 was 13-7 x 10° (Found: C, 42-8; H, 3-7; 
O, 25:75; N, 27-2; C,H,O,N, requires C, 43-0; H, 3-6; 
O, 25-5; N, 27-9%). 

Preparation of 3’-nucleotidase. This enzyme was prepared 
from 1 lb. of rye-grass seed by the method of Shuster & 
Kaplan (1953). Purification was carried as far as the elution 
from alumina C,, and subsequent dialysis. At this stage the 
enzyme preparation was without activity on 2’-adenylic 
acid (AMP-2’), and attacked 3’-adenylic acid (AMP-3’) 10 
times faster than AMP-5’. The enzyme was stored at — 20°; 
it retained its activity for at least one year. 

Preparation of 5’-nucleotidase. This enzyme was prepared 
from bull semen (kindly provided by Dr I. G. White, 
Department of Veterinary Physiology, University of 
Sydney) by the simplified procedure of Heppel & 
Hilmoe (1951). The only isomer of AMP attacked at 
a measurable rate was AMP-5’. Adenosine di- and tri- 
phosphate (ADP and ATP) were not attacked. The 
enzyme was stored at -—20° and retained its activity for 
over two years. 

Dephosphorylation of adenylsuccinic acid. Adenyl- 
succinic acid (135 DU) was incubated with 0-1 M-aminotris- 
hydroxymethylmethane buffer, pH 7-0 (3-0 ml.), M-MgSO, 
(0-1 ml.), and 5’-nucleotidase (0-6 ml.) at 20° overnight. The 
reaction mixture was deproteinized by the addition of tri- 
chloroacetic acid to a final concentration of 5%, and adeno- 
sine succinic acid adsorbed on Norit. It was eluted as 
described above and subjected to paper electrophoresis to 
check the purity. ’ 
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RESULTS 


Chromatography of perchloric acid extracts 
of mouse and rabbit liver 
Fig. 2 shows the chromatogram obtained when the 
perchloric acid extract of ten rabbit livers was sub- 
jected to chromatography on a Dowex-1 (formate) 
column. Compounds were identified by reference to 





DU at 260 mp 
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Fig. 2. Chromatography of an HCIO, extract of rabbit liver 
by means of the formic acid system. Total number of 
density units (DU) applied to the column, 55000. The 
mixing flask contained 400 ml. of water, the reservoir 
4n-formic acid. The number of DU in the fractions which 
were too concentrated to be graphed completely were 60, 
213, 352 and 68. The substances marked on the graph 
were identified in the course of this work; the ones in 
parentheses were reported by Hurlbert et al. (1954) to 
occur in the places indicated. The position of the sub- 
stances within a peak is indicated approximately on the 
graph, e.g. the position of CDP indicates that this com- 
pound was found in the ascending portion of the third 
major peak. DPN, TPN and GMP refer to di- and tri- 
phosphopyridine nucleotide and guanylic acid re- 
spectively: other abbreviations are explained in the text. 
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Fig. 3. Rechromatography of the substances in the UMP 
region of Fig. 2 by means of the ammonium formate 
system. Total number of DU applied to the column, 2700. 
The mixing flask contained 500 ml. of water, and the re- 
servoir M-ammonium formate. The latter was changed to 
2m-ammonium formate after 500 ml. of eluate had been 
collected. The number of DU in the fractions which were 
too concentrated to be graphed completely were: (UMP) 
7-8, 11-0, 18-0, 17-5, 5-5; (IMP) 12-5, 12-8, 7-6, 6-3. The 
material with Z,,;/ og, 0f between 1-0 and 1-2 occurs in the 


last two peaks. 
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columns on which mixtures of known substances 
had been chromatographed and identified in the 
eluate fractions by their characteristic spectra. The 
order of elution found in this work agreed with that 
reported by Hurlbert et al. (1954). Chromato- 
graphy may be continued beyond the point shown 
in Fig. 2, but as the substances studied had eluted 
by the time ADP appeared, this was taken as a 
convenient, easily recognizable end point. The 
pattern of elution was highly reproducible, as were 
the relative proportions of the major constituents. 
Chromatograms from mouse livers were similar 
except for a decreased cytidine diphosphate (CDP)- 
inosinic acid (IMP)—uridylic acid (UMP) band. 

It was noted that in the descending region of this 
band the ratio E,,;/Eyg, rose to about 0-8. This 
occurred when CDP had already been eluted off the 
column, and no reference compounds that were used 
gave rise to this phenomenon in this region. On 
rechromatography of the whole band by means of 
the ammonium formate system, the chromatogram 
shown in Fig. 3 was obtained. The first band was 
identified as UMP, the second as IMP, on the 
descending shoulder of which the ratio E47;/E go 
changed to over 1, indicating a cytosine compound, 
most probably, from its position on the chromato- 
gram, CDP; then came a small amount of ADP, and 
then a double band with a ratio Ey,;/E gg) of 0-9—1-2. 
This was the last band eluted. 

Preliminary tests showed that the substances 
eluted in these last two bands did not comprise any 
of the known purine or pyrimidine derivatives. 
Further work was directed at their isolation and 
identification. 

The total amount of material giving this high 
ratio E,,;/Eog, was very small; with the ten rabbit 
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Fig. 4. Chromatography of an acid-hydrolysed HClO, 
extract of rabbit liver by means of the alkaline ammonium 
formate—formic acid system. Total number of DU applied 
to the column, 50000. The mixing flask contained 
800 ml. of 0-1M-ammonium formate (pH 10), and the 
reservoir 0-1M-ammonium formate (pH 4), which was 
changed to M-formic acid after 1200 ml. of eluate had been 
collected, and again to 4m-formic acid after 1800 ml. The 
number of DU in the fractions which were too concen- 
trated to be graphed completely were: 70, 84, 80 and 53. 
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livers, the total amount of material in the perchloric 
acid extract absorbing at 260 mp was 55000 DU, of 
which 150-200 proved to be the new material. It 
was found that in order to isolate enough material 
for recrystallization and elementary analysis it was 
more practicable to run a series of two-column 
systems as has just been described rather than to 
perform one big separation. 

Several experiments were done using acid- 
hydrolysed perchloric acid extract (see Methods). 
The aim was to convert all purine-containing 
nucleotides, which make up the bulk of the acid- 
soluble, ultraviolet-light-absorbing substances, into 
the free bases. As a result, the chromatograms 
were greatly simplified (Fig. 4). Among the bands 
identified were adenine (A), guanine (G) and cytidylic 
acid (CMP); then came a complex band containing 
the material with E,,,/Eg, of about 1-0, which was 
further resolved by means of the ammonium 
formate system as above. 


Identification of adenine succinic acid 


Material with L,,;/Hog. of 0-8 and above was freed 
from eluent either by sublimation of ammonium 
formate or by adsorption on to Norit followed by 
elution with ethanol—water-ammonia. On electro- 
phoresis in 0-1M-citrate buffer, pH 3-0, two com- 
ponents were recognized, the relative amounts of 
which were about 1-5: 1. This ratio was the same for 
mouse and rabbit liver. The first major component 
carried a negative charge and had the following 
spectrum: maximum (pH 1) at 267 my; Ey75/Eogo, 
0:95. The other, which carried a small positive 
charge, had a maximum (pH 1) at 276 mp and an 
Ey7;/Eogg vatio ot 1-65. The first component was 
transformed into the second by hydrolysis with 
N-HCl at 100° for 30 min. Furthermore, whereas 
the first contained ribose and phosphate, the second 
contained neither. It thus appeared likely that on 
hydrolysis the nucleotide-like first component was 
hydrolysed to the second, which was the simpler of 
the two. Evidence that this second compound is 
adenine succinic acid is presented in the following 
sections. 

Chemical evidence. (a) On hydrolysis with 90% 
formic acid at 180° for 1 hr. the spectrum changed. 
When the hydrolysis mixture was subjected to 
electrophoresis, adenine and hypoxanthine were 
identified by comparison with authentic samples. 
Table 1 shows that, under the conditions of hydro- 
lysis used, adenine itself decomposed to hypo- 
xanthine to asmall extent, but not enough to account 
for all the hypoxanthine formed from the unknown 
substance. It was clear that the major pathway of 
breakdown led to hypoxanthine, but that some 
adenine was also formed. (b) On hydrolysis with 
saturated baryta at 100° for 20 hr., a ninhydrin- 
positive substance was liberated. This substance was 
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Table 1. Formic acid hydrolysis of adenine and 
adenine succinic acid 


The conditions of hydrolysis are described under 
Methods. Electrophoresis of the hydrolysate was first 
carried out at pH 2-7 for 4hr.; the composite adenine 
succinic acid-hypoxanthine spot was then again subjected 
to electrophoresis, at pH 6. Substances were estimated 
spectrophotometrically. 

Substances identified 
in hydrolysate 
Adenine (0-45 umole) 
Hypoxanthine (0-05 pmole) 


Compound hydrolysed 
Adenine (0-52 pmole) 


Adenine succinic acid 
(0-06 pmole) 

Hypoxanthine (0-42 mole) 

Adenine (0-11 pmole) 


Adenine succinic acid 
(0-65 pmole) 


identified as aspartic acid on the basis of its chro- 
matographic behaviour in phenol—water and 
pyridine—acetic acid—water. (c) The test of Koritz & 
Skoog (1952) for purines was positive. (d) On 
boiling with 6N-H,SO, for 30 min., the compound 
gave a positive test for diazotizable amine. Neither 
adenine nor guanine gave this test after similar 
treatment. 

The results of these tests are consistent with the 
hypothesis that the compound is adenine succinic 
acid. On hydrolysis with formic acid the compound 
appears to be split in two different places, so that 
adenine and hypoxanthine are yielded simul- 
taneously; on hydrolysis with baryta a similar 
reaction occurs and the other split product of the 
molecule was identified as aspartic acid. This sub- 
stance could not originate from the purine skeleton. 
Finally, Carter (1956) has reported that adenine 
succinic acid is transformed by treatment with 
boiling acid into a substance giving a diazotizable 
amine test. 

In further experiments the behaviour of material 
isolated from liver was compared with that of 
synthetic adenine succinic acid (see Methods). 

Analysis of the spectrum. The spectrum of the 
substance was compared with that of synthetic 
adenine succinic acid at pH values 2-1, 2-9, 3-6, 4-1, 
4-6, 5-2, 5-9, 6-9, 8-3, 9-6, 10-2, 10-7, 11-1 and 11-9. 
The curves coincided exactly in all cases. Fig. 5 
shows the spectra at pH 2-1, 6-9 and 11-9. The 
maximum shifts from 276 my at pH 2-1 to 269 mz 
at pH 6-9 and back to 274 mp at pH 11-9. Table 2 
gives the values of the ratio L,7;/H ogo at all pH values 
investigated. They vary from 1-62 at pH 2-1 to 
1-16 at pH 5-9 and back to 1-68 at pH 11-9. These 
changes in the spectrum indicate the occurrence of 
two dissociations. The pK values of the two dis- 
sociations were calculated from the extinction 
values at 260 and 275 mp by means of the formula 
Eg75/E ogo at half dissociation = $(a + 2)/$(b + y), where 
a and & are the extinction values of the two ionic 
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species at 275 mp and b and y the corresponding 
values at 260 my. In passing from acid pH to 
neutral pH, the pK occurs where E,;/Ey¢q is 
1(13-7 + 12-2)/}(8-45 + 10-85) = 1-365, i.e.at pH 3-75; 
and in passing from neutral pH to alkaline pH, 
where the value of E,,;/E ago is 
3(12-6 + 12-2)/3(10-85 + 7-25) = 1-37, 

i.e. at pH 10-5. Thus the two pK values for which 
there is optical evidence are those at pH 3-75 
and 10-5. 

Electrophoretic behaviour. The electrophoretic 
behaviour of adenine succinic acid at pH 3-3 and 
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Fig. 5. Spectrum of adenine succinic acid. Continuous 
curve, pH 2-1; broken curve, pH 6-9; dotted curve, 
pH 11-9. pH 2-1: A, 276 mp, Emax, 13-7 x 108; A 


max. min. 
234 mp, Emin, 2°09 x 10°. pH 6-9: A,,, 268 mp, en 
14-0 x 10®; Ajin, 231 mp, Egin, 1°74 10%. pH 11-9: 


Amax, 274 Mp, € 
2-50 x 10%. 


max, 12-2 x 10°; Amin. 240 mp, €min. 


Table 2. 


Adenine succinic acid : E57;/Es¢o 
at different pH values 


pH 21 29 36 42 46 52 59 69 
Eyys/Eogo 1-62 1-55 1:39 1-30 1-27 1-23 1-16 1-16 
pH 83 88 96 10:2 10-7 110 11-9 
Bors|Eogo 1:17 1-19 1-20 1-30 1-43 1:55 1-68 


Table 3. 


Electrophoretic behaviour of adenine 
succinic acid 


Distance 

travelled/hr. Charge 
pH Buffer (mm.) carried 
2-0 Glycine 26 os 
2-8 Citrate 6 + 
3-0 Citrate 3 - 
3-3 Citrate 0 0 
3-6 Citrate 1] - 
6-6 Citrate 65 - 
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6-0 has been compared with that of adenine, } 


AMP-5’ and adenylsuccinic acid (Joklik, 1956). 
Table 3 lists in more detail the distances travelled 
at pH values around 3-3, where adenine succinic 
acid reverses its charge. Once again the substance 
isolated from liver showed behaviour at all pH values 
identical with that of the synthetic substance. It 


was found that at pH 2 the substance carried a 


positive charge; that at pH 3-3 it was uncharged; 
and that at pH 3-6 it had a slight negative charge. 
Above pH 4-5 the substance carried at least one and 


possibly more than one negative charge. These | 


findings and their correlation with the pK values 
found by the spectrophotometric technique are 
discussed below (see Discussion). 


Preparation of liver adenine succinic acid for 
elementary analysis. Several batches of liver extract 
were chromatographed on Dowex-1 (formate) 
columns with both the formic acid and the am.- } 
monium formate system, as described above, until 
about 1000 DU had been accumulated. After the | 
removal of ammonium formate by sublimation, the 
material was hydrolysed for 30 min. in N-H,SO, at 
100° so as to break down adenylsuccinic to adenine 
succinic acid. While the mixture was still warm, 
silver nitrate was added. The precipitate was | 
collected, washed with ice-cold H,SO,, and ex- 
tracted with hot 0-1N-HCl. The precipitation and 
extraction were repeated twice more, and the 
material was subjected to chromatography on a 
Dowex-1 (formate) column with the formic acid 
system. The material eluted in a very sharp band, 
the ratio #,,;/Hg, of which was 1-65 at pH 1. On 
lyophilization a white powder was obtained, yield 
8-3 mg. This substance, however, appeared to be } 
a salt of adenine succinic acid, as it dissolved readily 
in water. Similar behaviour was shown by synthetic 
adenine succinic acid as obtained by column 
chromatography. When recrystallized from ethanol 
and then from water a material was obtained which 
was very sparingly soluble in cold water. The 
material derived from liver was thus also recrystal- | 
lized from water and yielded 6-1mg. of white 
crystals. The value of ¢5;, at pH 1 was 13-7 x 10, the 
same value as found for the synthetic material 
(Found: C, 42:5; H, 3-7; O, 26-0; N, 27-1; C,H,O,N; } 
requires C, 43-0; H, 3-6; O, 25-5; N, 27-9%). 

It was concluded on the evidence presented that 
the substance is adenine succinic acid. 


Identification of adenylsuccinic acid 
As mentioned above, a substance containing 
adenine succinic acid, ribose and phosphate was } 
associated with adenine succinic acid in the eluate 


from Dowex columns. Table 4 shows that there were 
present in the molecule 1 mol. of phosphate, 1 mol. 
of ribose, and 1 mol. of adenine succinic acid. The 
ribose—adenine succinic acid bond was hydrolysed 
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by heating at 100° in N-HCI for 30 min. The position 
of the phosphate group was determined by enzymic 
analysis: no phosphate was split off by 3’-nucleo- 
tidase, whereas approximately 1 mol. of phosphate 
was split off by 5’-nucleotidase. In all these 
reactions the compound reacted in exactly the same 
manner as a sample of adenylsuccinic acid kindly 
furnished by Dr Carter. Furthermore, spectra of 
the two compounds were identical (Fig. 6). Electro- 
phoretic movement at three pH values was identical : 
at pH 2-8, 3-1 and 6-0 the substances moved 20, 20 
and 58 mm./hr. respectively. It was concluded on 
this evidence that the compound is adenylsuccinic 
acid. 


Table 4. Composition of adenylsuccinic acid 


Amount present 


xroup analysed (umoles/16-9 DU*) 


Ribose 0-96 
Acid-labile phosphate 0 
Total phosphate 0-93 
3’-Phosphate 0 
5’-Phosphate 0-91 
Adenine succinic acidt 0-98 


* The value reported by Carter & Cohen (1955), ice. 
e=16-9 x 10° at pH 1, was used. 

} Analysis by spectrum after hydrolysis with N-HCl at 
100° for 30 min. 
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Fig. 6. Spectrum of adenylsuccinic acid. Continuous curve, 
pH 1; broken curve, pH 6-75; dotted curve, pH 13. The 
values for « were determined by reference to adenine 
succinic acid. They are 2-3 % lower than those of Carter & 
Cohen (1955). pH 1: Amgax, 267 mp, Emax, 16°6 x 10°; 
Anin, 234 mp, ¢, 3-28 x 108. pH 6-75: A 269 mp, 

232 mp, € 


min. 


17-6 x 103; 


max. 


2-14 x 10°. pH 13: 


€ 


max. min. min. 
max, 269 Mp, Enay, 18°5 «108; Ann 233 Mp, Emin. 
2-6 x 103, 
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Stability of adenylsuccinic acid 

There was the possibility that adenylsuccinic acid 
was unstable, and that adenine succinic acid was 
formed during the isolation procedure. The stability 
of adenylsuccinic acid during the various steps of the 
isolation was therefore investigated, among them 
the acid extraction step, chromatography on Dowex 
columns and the sublimation of ammonium formate. 
Adenylsuccinic acid was stable under all conditions 
employed, so that it was concluded that both the 
free purine and the nucleotide occur in liver. 


Probable absence of adenosine succinic acid 


No trace of the nucleoside corresponding to 
adenylsuccinic acid was detected in the biological 
material. It was therefore determined whether this 
material, if present in the ammonium formate 
eluate, would be detected subsequently in the 
electrophoretic separation. Adenylsuccinic acid 
was dephosphorylated by means of 5’-nucleotidase, 
the adenosine succinic acid adsorbed on Norit and 
eluted as described above, and then subjected to 
electrophoresis at pH. 2-8. It was found that at this 
pH the nucleoside carried a small negative charge. 
It was well separated from both the free purine and 
the nucleotide, and the separation of all three 
compounds could be accomplished on one strip. 
Since no spot was observed in the position occupied 
by the nucleoside, it was concluded that this com- 
pound either does not occur in liver in detectable 
amounts or is eluted in a different position. Since 
the free purine and the nucleotide were eluted by 
both the formic acid and the ammonium formate 
systems in closely adjacent positions, the second 
possibility seemed unlikely. 


Metabolism of adenine succinic acid and 
adenylsuccinic acid in liver homogenates 


It was of interest to determine whether either of 
these compounds is metabolized by liver homo- 
genates if added in substrate concentrations. 
Homogenates (15%) of mouse liver in a medium 
containing sodium chloride (0-1M), phosphate 
(0-02M, pH 7-6) and magnesium chloride (0-003 m) 
were used. Adenine succinic acid was not meta- 
bolized over a period of 5 hr. at 35°, but within this 
period adenylsuccinic acid was completely con- 
verted into the nucleoside. The nucleoside was 
identified by its electrophoretic mobility, spectrum 
(which was found to be the same as that of the 
nucleotide at pH 1), absence of phosphate and 
presence of ribose. It appears, however, since no 
nucleoside was detected in acid extracts of liver, 
that this dephosphorylation occurs extremely 
slowly if at all in the intact liver, where the concen- 
tration of nucleotide is of the order of one-thousandth 
of that used here. 
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Reaction with diazotized sulphanilic acid 

Hunter (1936) has described a reaction of thymine 
with diazotized sulphanilic acid. This reaction 
proceeds in alkaline medium, and in the presence of 
hydroxylamine yields a highly coloured complex. 
Adenine, hypoxanthine, uracil and cytosine do not 
react, and guanine yields a coloured complex in the 
absence of hydroxylamine (W. K. Joklik, un- 
published results). It was found that adenine 
succinic acid also forms a coloured complex, under 
the same conditions as thymine, i.e. only in the 
presence of hydroxylamine. The spectrum of this 
complex is identical with that produced by thymine, 
and different from that produced by guanine. 
Adenylsuccinic acid and adenosine succinic acid do 
not produce this complex; on acid hydrolysis, the 
liberated adenine succinic acid reacts. It was noted 
that if adenine succinic acid is pretreated with acid 
(n-acid at 100° for 30 min.) there is a 100 % increase 
in the colour yield; the reason for this is obscure. 
With thymine, pretreatment with acid led to a 
much smaller (about 20 %) increase in the intensity 
of the colour produced. 


DISCUSSION 


The isolation of adenine succinic and adenylsuccinic 
acid from liver raises the question of the function of 
these two compounds in cellular metabolism. With 
adenylsuccinic acid the position is clearer than with 
the free purine. Lieberman (1956a) has shown that 
an enzyme system in F. coli carries out the following 
reaction: IMP-5’+aspartic acid+ guanosine tri- 
phosphate > adenylsuccinic acid+guanosine di- 
phosphate. According to Lieberman (1956)b) a 
derivative of IMP-5’ phosphorylated at C6 may be 
an intermediate. Furthermore, another enzyme 
splits adenylsuccinic acid: 


Adenylsuccinic acid = AMP-5’ + fumaric acid. 


The reversible cleavage of adenylsuccinic acid to 
AMP-5’ and fumaric acid was also demonstrated in 
yeast by Carter & Cohen (1955). 

It is thus possible that adenylsuccinic acid 
represents an intermediate in the transformation 
of IMP-5’ to AMP-5’. The above reactions were 
demonstrated in extracts from micro-organisms ; the 
finding of adenylsuccinic acid in liver suggests that 
a similar pathway exists in mammalian tissue. It is 
noteworthy that only the 5’-nucleotides were found 
to participate in the above reactions, and that the 
compound isolated from liver is likewise the 5’- 
isomer. 

The occurrence of adenine succinic acid is more 
difficult to explain. One possibility is that it is 


merely a breakdown product of adenylsuccinic acid. 
When adenylsuccinic acid was incubated with a 
liver homogenate, it was dephosphorylated to the 
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nucleoside in acid-soluble fraction of liver it 
appears that this reaction proceeds slowly within 
the intact cell, if at all. Furthermore, the nucleoside 
accumulated, so that the conversion of nucleoside 
into free purine proceeded more slowly than the 
dephosphorylation. However, it is conceivable that 
there exists a transglycosidation mechanism, so that 
in the presence of a suitable ribose acceptor the 
transformation of nucleoside into free purine may be 
more rapid and of some importance. 

A second possibility is that adenine succinic acid 
represents an intermediate between hypoxanthine 


and adenine, like adenylsuccinic acid in the case of | 


the nucleotides. Although there is evidence that the 
free purines are not precursors of nucleotides 
(Greenberg, 1951), there is present within the cell 
a mechanism for the conversion of both adenine 
(Saffran & Scarano, 1953) and hypoxanthine 
(Williams & Buchanan, 1953) into their nucleotides. 
The existence of this purine-activating mechanism 
indicates that there may be a second pathway to 
AMP-5’ in addition to that through IMP-5’ in which 
hypoxanthine may or may not be a precursor; and 
this is the path from hypoxanthine to AMP-5’ via 
adenine, in which adenine succinic acid may well ve 
an intermediate. 

An interesting point is the relative amount of 
adenine succinic and adenylsuccinic acids found in 


liver. Whereas these two compounds occur in nearly | 


equal concentration, adenine, guanine, cytosine and 
uracil occur in amounts very much less than their 
nucleotide forms. 

Spectrophotometric measurements at different 
pH values showed that adenine succinic acid has at 
least two dissociations. That found in the alkaline 
region, at pH 10-5, is almost certainly due to the 
same ionization as in adenine, namely the removal 
of a proton from the imidazole ring of the neutral 
molecule (Bendich, 1955). In the acidic region the 
following ionizations are possible: the dissociations 
of the two acidic groups of succinic acid, of the sub- 
stituted amino group and of a ring nitrogen. The 
last dissociates only at very low pH values [ef. 
adenine (Johnson, 1955)]. The dissociations of the 


v 


- 


—— 


carboxyl groups of succinic acid yield ionic species ) 


which have the same spectrum as undissociated 
adenine succinic acid, so that the dissociation 
detected by spectrophotometric measurements is 
that of the substituted amino group. The value 
found, pK 3-75, is slightly lower than that of adenine 
(4:1, Cohn, 1955), which would be expected on 
theoretical grounds. As for the evidence from 
electrophoretic studies, it appears that at pH 3:3 
the dissociations of the first carboxyl group of the 
succinic acid moiety and of the substituted amino 


group are equal, so that the molecule as a whole is _ 


uncharged and therefore does not migrate. 
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The chromatographic behaviour of the two sub- 
stances is of interest. Adenylsuccinic acid behaves 
as expected: in the formic acid system it is eluted 
just ahead of ADP, for in formic acid the phosphate 
group and rather less than one of the two succinic 
carboxyl groups are dissociated. Similarly, in the 
ammonium formate system it is eluted just behind 
ADP, for now the phosphate group and rather more 
than one of the two succinic carboxyl groups are 
dissociated. Adenine succinic acid, however, 
behaves in an anomalous manner: it closely accom- 
panies adenylsuccinic acid in both systems. This 
behaviour would probably have to be ascribed to 
non-polar retention. 

Treatment with acids and bases at elevated 
temperatures affects adenine succinic acid in a 
number of ways. Concentrated formic acid at 180° 
for 1 hr. hydrolyses it in such a manner that both 
adenine and hypoxanthine appear among the split 
products. Cleavage occurs on both sides of the 
nitrogen atom attached to C6. The other split 
products, which were not identified, would be 
expected to be fumaric acid and aspartic acid. 
Treatment with baryta yielded aspartic acid and, 
presumably, hypoxanthine. Treatment with hot 
mineral acids first transforms the compound into a 
form which yields twice the colour with Hunter’s 
reagent as untreated adenine succinic acid; the 
nature of this transformation is not known. Hunter 
(1936) has discussed the reaction with diazotized 
sulphanilic acid and hydroxylamine, but the precise 
nature of the coloured complex formed appears to 
be unknown. Further treatment with mineral acid 
leads to the formation of a compound giving a test 
for a diazotizable amine; Carter (1956) has sug- 
gested that this transformation may involve a 
cyclization of the succinic acid moiety of the 
molecule. 

Note. Since this paper was accepted for publica- 
tion, an investigation of adenylsuccinic acid and 
adenylsuccinase (the enzyme catalysing its re- 
versible cleavage into AMP and fumaric acid) has 
been reported (Carter & Cohen, 1956). 


SUMMARY 


1. Two purine derivatives were isolated from 
perchloric acid extracts of mouse and rabbit livers. 

2. Evidence is presented that they are adenine 
succinic acid and adenylsuccinic acid. 

3. Certain chemical properties, the spectra and 
electrophoretic behaviour of the two substances 
were investigated. 

4. The synthesis of adenine succinic acid is 
described. 


ADENINE SUCCINIC AND ADENYLSUCCINIC ACID 


341 


5. The function within the cell of adenine succinic 
acid and adenylsuccinic acid is discussed. 


The author wishes to express his thanks to Professor 
F. J. Fenner for his interest in this work and to Professor A. 
Albert for stimulating discussions; to Dr C. E. Carter and 
Dr P. Whitfeld, who kindly provided samples of adeny]- 
succinic acid; and to Mr G. Halford, who constructed the 
steel bomb. Mr J. Rodrick ably assisted in the latter stages 
of this work. 
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Since the isolation of hyaluronic acid from vitreous 
humour by Meyer & Palmer (1934), there has been 
uncertainty concerning the relationship 
between the polysaccharide and protein in vivo; 
Jeanloz (1956) has drawn attention to the need for 
more information on the relationship between 
proteins and mucopolysaccharides in general. 
Most methods of preparation have been designed 
to remove all protein from the polysaccharide. 
However, Ogston & Stanier (1950, 1952) claimed 
that hyaluronic acid isolated from ox synovial fluid 
by filtration is in the form of a firm complex with a 
definite proportion of protein, and that attempts to 
remove this affect the physicochemical properties 
of the material in solution, particularly its non- 
Newtonian viscosity. Curtain (1955) showed that 
this protein is mainly an «-globulin under physio- 
logical conditions. 

In the present work, specific degradation of this 
protein has been used to obtain critical proof that it 
plays an essential part in the constitution and 
properties of the complex. The results suggest the 
possibility that systems containing hyaluronic acid 
may be susceptible to proteinase action in vivo, and 
that such action may play a part in the pathology of 
diseases in which hyaluronic acid is affected. 


some 


EXPERIMENTAL 


Materials 

Hyaluronic acid complex. (Complex.) Synovial fluid was 
collected from the astragalotibial joints of oxen immediately 
after death, as described by Ogston & Stanier (1950). The 
fluid was centrifuged in a Spinco Model L ultracentrifuge at 
73000 g for 30 min. The complex was separated by filtra- 
tion, with 15 washings, at 4° on a 5-on-3 sintered-glass filter 
of 1 u (or less) average pore diameter (Baird & Tatlock Ltd.) ; 
the buffer used for washing was 0-2M-NaCl, 0-0077M- 
Na,HPO,, 0-0023M-KH,PO, (pH 7-3). The complex was 
finally dissolved in the required buffer, to about half the 
volume of the original fluid and centrifuged at 73000 g for 
30 min. Some samples showed an appreciable amount of 
‘fast component’ (Johnston, 1955), which led to high blank 
values in the estimation of proteolysis by the Anson method ; 
this was removed by centrifuging in a Spinco Model L 

* Fellow of the Arthritis and Rheumatism Foundation’ 
U.S.A. 


ultracentrifuge at 105000 g for 180 min. The complex was 
finally dialysed against the required buffer. 

Papain. This was twice crystallized, from crude papain 
B.P. Codex (British Drug Houses Ltd.), by the method of 
Kimmel & Smith (1954). The product was freeze-dried. 
Stock solutions were made by dissolving the dry material in 
buffer to 1 g./100 ml. 

Chymotrypsin. Crystallized bovine chymotrypsin (Armour 
Laboratories) was used. Its activity was compared with 
that of trypsin, by the method of Kunitz (1947) as modified 
by Laskowski (1955), with casein (Light white, British 
Drug Houses Ltd.) as substrate, and was found to be 3130 
Armour units/g. [One Armour unit, assayed by the method 
of Anson (1938), gives in 10 min. at 25° colour equivalent to 
1 pg. of tyrosine.] Stock solutions contained 1 g./100 ml. of 
buffer. 

Trypsin. Crystallized trypsin (Armour Laboratories, 
salt-free) was used, of stated activity 2740 Armour units/g. 
Stock solutions contained 1 g./100 ml. of buffer. 

Ox-serum albumin. Crude albumin was prepared from ox 
serum. The globulins were removed by 50% saturation with 
ammonium sulphate. The albumin was then precipitated by 
80% saturation with ammonium sulphate, separated by 
filtration, dialysed against water and freeze-dried. 

Buffers. For the experiments with papain the buffer was 
0-0453mM-Na,HPO,, 0-0213M-KH,PO, (pH 7-0); for experi- 
ments with chymotrypsin and trypsin the buffer was 
0-0533 M-Na,HPO,, 0-0133 m-KH,PO, (pH 7-4). 


Methods 


Total nitrogen. This was determined by the micro- 
Kjeldahl method. A selenium catalyst (Fawcett, 1954) 
with 6 hr. digestion and the Markham (1942) still were 
used. 

Dry weight. Solutions of complex were dialysed against 
five lots of 21. of distilled water during 2 days. Weighed 
samples of solution were then dried to constant weight at 
105°. 

Viscosity. This was measured with the Couette viscometer 
of Ogston & Stanier (1953) at 25°, with velocity gradients 
between 0-25 and 40sec.—1. Viscosity at high velocity 
gradient was measured with an Ostwald viscometer of 2 ml. 
capacity and water time 11 sec. 

Activity of papain. This was determined by the Greenberg 
(1955) modification of the method of Anson (1938), with ox- 
serum albumin as substrate. 

Sedimentation. This was measured in a Svedberg oil- 
turbine ultracentrifuge at 900 rev./sec. by the method of 
Cecil & Ogston (1948). The optical system was Baldwin’s 
(1953) modification of the diagonal-schlieren method of 
Philpot (1938). 
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Treatment of the complex with papain. Stock (1%) 
solution of papain was first activated by addition of KCN 
and ethylenediaminetetra-acetate (EDTA) in amounts to 
give concentrations of 5 mM in the reaction mixture. The 
reaction mixture was made by adding 1 ml. of the activated 
papain to 10 ml. of a solution containing approx. 0-2 g. of 
complex/100 ml. of buffer, pH 7-0. In preliminary experi- 
ments, in those on the effect of digestion on mucin formation, 
and in the digestion performed in the Couette viscometer, 
the temperature of incubation was 25°; in all other experi- 
ments incubation was for 24 hr. at 4°, to reduce the chance 
of bacterial contamination. Solutions were examined micro- 
scopically after incubation, and no micro-organisms could 
be seen. 

Inhibition of papain. Papain was inhibited by treatment 
with HgCl, at a final concen. of 1 mm (Krebs, 1930, 1931; 
Kimmel & Smith,1954) or with iodoacetamide ata final conen. 
of 0-25 mm (Kimmel & Smith, 1954) for 2 hr. at room temp. 
and 10 hr. at 4° before use. The inhibitions were shown to be 
complete by the milk-clotting test of Balls & Hoover (1937). 

Treatment of complex with chymotrypsin and trypsin. This 
was performed as with papain, with the omission of KCN 
and EDTA, in buffer (pH 7-4) for 24 hr. at 4°. 

Detection of proteolysis. The proteolytic actions of the 
enzymes on complex were tested by the method of Anson 
(1938). 

Effect of proteolysis on the precipitation of mucin. Three ml. 
of an approx. 0-2% solution of complex was mixed with 
0-5 ml. of stock enzyme and incubated for 2 hr. at 25°. It 
was then brought to pH 4-3 with 10% (v/v) acetic acid and 
1-2 ml. of 1% ox-serum albumin was added. The appearance 
of the precipitate was compared with that obtained with 
undigested complex. 

Recovery of hyaluronic acid after digestion of complex. After 
treatment of complex with papain, the digestion mixture 
was treated by filtration, as in the isolation of complex from 
synovial fluid, with five washings on the filter with buffer 
(pH 7-0). 

RESULTS 

Detection of proteolysis of the complex. Qualitative 
experiments by the method of Anson (1938) showed 
that activated papain digests the protein of the 
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Fig. 1. Variation of relative viscosity with velocity 


gradient, measured in the Couette viscometer in pH 7 
buffer at 25°. @, Hyaluronic acid complex treated with 
papain for 24 hr. at 4°; O, untreated complex. 
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complex, whereas papain inhibited by mercuric 
chloride, or iodoacetamide, chymotrypsin and 
trypsin, have no detectable action. 

Effect of proteolysis on viscosity. Treatment of the 
complex with activated papain, under the condi- 
tions described (24 hr. at 4°), abolishes the non- 
Newtonian viscosity, but has much less effect on the 
viscosity measured at higher velocity gradients 
(Fig. 1). The viscosity measured at high velocity 
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Fig. 2. Progressive effect of papain on the viscosity of 
hyaluronic acid complex (0-11 g./100 ml.). The reaction 
was carried out in the Couette viscometer at 25°. @, 7, 
relative viscosity extrapolated to zero velocity gradient; 
O, 50, relative viscosity extrapolated to velocity gradient 
50 sec.-1; ©, nNo/Ns0- 
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Fig. 3. Variation of relative viscosity with velocity 


gradient, measured in the Couette viscometer at 25° in the 
pH 7 buffer. ©, Hyaluronic acid complex treated with 
papain inhibited with iodoacetamide, for 24 hr. at 4°; 
@. untreated complex. Similar results were obtained 
with papain inhibited with mercuric chloride, with 
chymotrypsin and with trypsin. 
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gradient (in the Ostwald viscometer) was little 
affected. Fig. 2 shows the time course of the effect 
on viscosity at 25°. Papain inhibited by mercuric 
chloride or by iodoacetamide (Fig. 3), chymotrypsin, 
trypsin and chymotrypsin and trypsin together, 
had no effect on the viscosity after 24 hr. digestion 
at 4°. Treatment of complex with 0-8 mm-cysteine 
(equivalent to approx. twice the —-SH of the papain 
used) in the same buffer containing KCN and 
EDTA had no effect on the viscosity. 

Effect of proteolysis on mucin formation. Un- 
treated complex, or complex treated with chymo- 
trypsin or trypsin, or with 0-8 mm-cysteine, gave a 
normal mucin precipitate, which rapidly contracted 
into a compact clot, leaving the remaining solution 
quite clear. Complex treated with papain gave a 
friable, fragmented precipitate, part of which 
remained finely dispersed in the solution. 

Properties of hyaluronic acid recovered after 
treatment of complex with papain. The material 
isolated after five filtrations accounted for only 
42% of the weight of the original complex, the 
remainder having passed through the filter; this 
lost material must have comprised nearly half of the 
polysaccharide of the complex, as well as most of its 
protein. The nitrogen content of the recovered 
material was 3-8%, compared with 5-9% in the 
untreated complex. Ogston & Stanier (1952) 
showed that, after thorough dialysis, about half the 
carboxylic groups are ionized ; the expected nitrogen 
content for dialysed sodium hyaluronate, con- 
sisting of half-ionized glucuronic acid—acety] glucos- 
amine co-polymer, is 3-6 %. 
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Fig. 4. Intrinsic viscosity, determined by extrapolating 
the plot of (7,.;,—1)/c to zero value of c. Measurements 
were made with the Ostwald viscometer at 25° in the 
pH 7 buffer. 
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The intrinsic viscosity of the recovered material 
was measured in the Ostwald viscometer (Fig. 4) 
and its sedimentation in the ultracentrifuge was 
measured at three concentrations, and extrapolated 
to zero concentration by plotting 1/S,) against 
concentration (Fig. 5). The results are given in 
Table 1. 


DISCUSSION 


The observations that papain hydrolyses the 
protein component of the hyaluronic acid complex, 
whereas chymotrypsin and trypsin are without 
action, closely resemble those made by Muir (1956) 
on a complex between protein and chrondroitin 
sulphate. The simultaneous effects on the viscosity 
(particularly the non-Newtonian viscosity) and on 
the sedimentation show that removal of protein has 
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Fig. 5. Sedimentation coefficients of hyaluronic acid 
complex which has been treated with papain. Measure- 
ments were made at 900 rev./sec. at approx. 26° in the 
pH 7 buffer. The values have been corrected to water 

at 20°. 


Table 1. Results of dynamic measurements on hyal- 
uronic acid complex treated with papain, with 
deduced characteristics of its particles 


Sp is the sedimentation coefficient at zero concentration; 
[7], is the intrinsic viscosity, c being in g./100 ml.; M is the 
average particle weight, p the ellipticity, and V’ the hydro- 
dynamic specific volume, based on a spheroidal model of 
the particle (Ogston, 1953). The values for untreated 
complex are taken from Fessler, Ogston & Stanier (1954). 


Treated Untreated 
material material 
10°3 §, 6-9 14-7 
10-48 d(1/8)/de 31 3-3 
Me 22 55 
10-°*M 2 10 
Pp 7-7 8-3 
V’ (ml./g.) 230 510 
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an important effect on the physicochemical 
properties of the material. Calculation of the 
particle characteristics by the method of Fessler & 
Ogston (1951) and Ogston (1953) (Table 1) shows 
that a marked decrease of the average particle 
weight has occurred; the apparent ellipticity p is 
little affected; the reduction of the hydrodynamic 
specific volume V’ would be expected to accompany 
a reduction of the particle weight of a random-coil 
type of material. 

The possibility that this degradative action of 
papain may be due to an action other than proteo- 
lytic is excluded. Crude papain contains a lysozyme 
(Meyer, Hahnel & Steinberg, 1946; Smith, Kimmel, 
Brown & Thompson, 1955) which might attack the 
polysaccharide component. However, the activity 
of this in twice-crystallized material at pH 7-0 is 
very low and its action is unaffected by iodoacet- 
amide and only partly inhibited by mercuric 
chloride (Smith et al. 1955). These completely 
inhibit the proteolytic activity of papain and 
abolish its actions on the hyaluronic acid complex. 
Mercurie chloride is not known to inhibit any 
hyaluronidase. 

These findings suggest that hyaluronic acid 
occurs in synovial fluid, under physiological condi- 
tions, as a complex with protein which may serve to 
bind the polysaccharide units together. Removal of 
this protein leads to important changes in the 
physicochemical properties of the material. Claims 
have been made at various times (e.g. Roseman, 
Watson, Duff & Robinson, 1955) to have prepared 
hyaluronic acid complex from synovial fluid, in an 
undegraded state but containing a substantially 
lowered proportion of protein; but in no such case 
has it been established satisfactorily that its physico- 
chemical properties are unchanged. It must be 
remembered that viscosity measured at high 
velocity gradient is rather insensitive to the 
type of change brought about by removal of 
protein. 

The precipitation of hyaluronic acid as mucin has 
been widely used (for example, in the turbidimetric 
method of Kass & Seastone, 1944) to estimate 
hyaluronic acid; and also, from the type of the pre- 
cipitate obtained, to assess whether hyaluronic acid 
is in a normal or altered state in patients suffering 
from rheumatic disease. The action of hyaluronidase 
is known to affect the amount and type of the pre- 
cipitate, and changes in these have usually been 
ascribed to degradative changes, or to alterations 
of the degree of polymerization, of the polysac- 
charide. Our results show that caution is needed in 
accepting such interpretation, since the type of 
precipitate is shown to depend also on the presence 
or state of the protein which forms a complex with 
hyaluronic acid. 

The action of hyaluronidase is often assumed as a 


PROTEOLYSIS OF HYALURONIC ACID COMPLEX 345 


factor in the metabolism of tissue hyaluronic acid 
and as a cause of pathological changes in tissue 
ground substance, though the evidence for its 
occurrence or action is not strong (Mathews & 
Dorfman, 1955). The possibility that proteolytic 
enzymes may act in such systems should also be 
considered. 


SUMMARY 


1. Activated papain attacks the protein com- 
ponent of the hyaluronic acid complex of ox 
synovial fluid, leading to removal of protein from 
the polysaccharide. Papain inhibited with mer- 
curic chloride or iodoacetamide, chymotrypsin and 
trypsin are without action. 

2. Proteolysis causes a strong reduction of the 
non-Newtonian viscosity of solutions of the com- 
plex, while having relatively little effect on the 
viscosity measured at high velocity gradients. The 
sedimentation rate is lowered, and the average 
particle weight is reduced fivefold. 

3. The character of the mucin clot formed by 
hyaluronic acid complex with protein at acid pH is 
altered by treatment with papain. 

4. It is concluded that protein, in complex with 
hyaluronic acid, is essential to its maintenance in 
the state in which it occurs in synovial fluid in vivo. 
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It was shown by Norberg (1949) that the shape of 
the pH—activity curve of rat-liver acid phosphatase 
varied during the process of regeneration after 
partial hepatectomy. It has also been reported that 
rat-liver acid phosphatase activity, assayed at 
pH 5-5, showed a 50% increase in animals main- 
tained on a low protein, low choline diet, although 
the activity assayed at pH 3-75 showed no change 
(Goodlad, Mills & Smith, 1951). 

It thus appears possible that at least two non- 
specific acid phosphatases may be present in rat 
liver. The present work was undertaken to obtain 
more information on the nature of these enzymes. 
The effects of various factors on the pH—activity 
curve of unfractionated rat-liver homogenates 
have been examined. An attempt has been made to 
fractionate the enzymes by acetone precipitation in 
the presence of Zn?+ ions, and the intracellular 
distribution of rat-liver acid phosphatase activity 
has been studied by differential centrifuging. 
A preliminary account of this work has been 
published (Goodlad & Millis, 1956). 


MATERIALS AND METHODS 


p-Nitrophenyl phosphate was prepared by the method of 
Bessey & Love (1952). Glucose 6-phosphate was prepared 
enzymically from glucose 1-phosphate, a partially purified 
preparation of phosphoglucomutase (Najjar, 1948) being 
used, followed by purification by the method of McCready & 
Hassid (1944). The glucose 1-phosphate was prepared by the 
method of Hanes (1940) as modified by McCready & Hassid 
(1944). Phenyl phosphate was obtained from British Drug 
Houses Ltd. Adenosine 3’-phosphate and adenosine 5’- 
phosphate were supplied by L. Light and Co. Ltd. B- 
Glycerophosphate was obtained from The General Chemical 
and Pharmaceutical Co. Ltd. 

Assay of phosphatase activity. A general method, applic- 
able to all substrates, was based on the B-glycerophosphate 
method of Bodansky (1933) where the inorganic phosphate 
liberated was separated by the method of Delory (1938), 
and subsequently determined by the method of Allen 


(1940). Buffer solution (0-5 ml.), 0-1 ml. of substrate 
solution, 0-1 ml. of water (or a solution of activator or 
inhibitor) and 0-3 ml. of enzyme solution, usually a 1/50 
tissue homogenate, were incubated at 38° for a specified 
time, usually 1 hr., after which the reaction was stopped by 
the addition of 2 ml. of 5% (w/v) trichloroacetic acid. Pre- 
cipitated protein was removed by centrifuging and 2 ml. 
samples were made alkaline to phenolphthalein with aq. 
NH, soln. (sp.gr. 0-880); 1 ml. of 2-5% (w/v) CaCl, was then 
added, followed by 1 ml. of 0-5% MgCO, (light) suspension. 
The tubes were shaken at intervals for 30 min., centrifuged 
and the precipitates washed once with 1 ml. of 5% (w/v) aq. 
NH, soln. The tubes were drained for 2-3 min. in an inverted 
position, the precipitate was dissolved in 1 ml. of 2-5n-H,SO, 
and colour developed by the addition of 0-4 ml. of 1% (w/v) 
amidol (2:4-diaminophenol hydrochloride) in 20% (w/v) 
sodium metabisulphite, 0-2 ml. of 8-3% (w/v) ammonium 
molybdate and 3-4 ml. of water. The intensities of the blue 
colour were estimated on the Hilger Spekker absorptio- 
meter (Ilford 608, red filter) between 10 and 30 min. after 
addition of reagents. Phosphate was determined from a 
calibration curve for the range 5-40 pg. of P. Controls were 
employed to determine the inorganic phosphate in the 
tissue and that formed by autolysis during incubation. In 
these, the substrate was added after the addition of the 
trichloroacetic acid. One unit of activity=lpg. of P 
liberated/hr. 

When phenyl phosphate was used as substrate, the 
method of assay was essentially that of King (1946). 
Enzyme preparation (0-1 ml.), usually a 1/100 tissue homo- 
genate, was used in a 1 ml. incubation volume. Tissue 
blanks were determined by addition of substrate after the 
phenol reagent. No measurable breakdown of substrate 
occurred in the absence of the enzyme at any pH value used. 
One unit of activity =1 pg. of phenol liberated/hr. 

A modification of the procedure of Bessey, Lowry & 
Brock (1946) was employed when p-nitrophenyl phosphate 
was used as substrate. Enzyme preparation (0-3 ml.), 
usually a 1/400 tissue homogenate, was used in a 1 ml. 
incubation volume with a final substrate concentration of 
0-0025m. One unit of activity=lyg. of p-nitrophenol 
liberated/hr. 

Preparation of tissue extracts. Male albino rats weighing 
175-300 g. were killed by stunning and exsanguination. The 
livers were removed, washed with water to remove blood, 
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and excess of moisture was absorbed with filter paper. 
Homogenates were prepared in an all-glass homogenizer 
(Potter & Elvehjem, 1936). Unless otherwise stated the 
suspending fluid was water. 

Protein nitrogen. This was determined by the method of 
Ma & Zuazaga (1942) with the Markham (1942) distillation 
apparatus. 

Deoxyribonucleic acid phosphorus (DN AP) and ribonucleic 
acid phosphorus (RNAP). These were determined by the 
method of Schmidt & Thannhauser (1946). 

Electrophoretic examinations. These were carried out by 
the method of Tiselius (1937) with the Philpot-Svensson 
(Svennson, 1939) optical system (Adam Hilger and Co. 
London). 

Filter-paper electrophoresis. This was carried out by the 
method of Mills & Smith (1951), which is based on the 
method of Durrum (1950). All electrophoretic runs were 
carried out at 5°. Duplicate strips were sectioned at 5 mm. 
intervals and assayed for enzyme activity with phenyl 
phosphate or for protein content with bromophenol 
blue. 
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Differential centrifuging of intracellular fractions. This was 
carried out by the technique of Schneider (1948) or that of 
Hogeboom, Schneider & Striebich (1952). All fractions were 
frozen in a mixture of solid CO, and acetone, and rapidly 
thawed to facilitate enzyme release from the particles (ef. 
Berthet, Berthet, Applemans & de Duve, 1951). 


RESULTS 


Variation in shape of pH-activity curve of un- 
fractionated rat-liver homogenates with different 
substrates 


pH-activity curves were determined with phenyl 
phosphate, p-nitrophenyl phosphate, £-glycero- 
phosphate and adenosine 3’-phosphate. The effect 
of 0-01mM-MgSO, was also studied in each. The 
results are recorded in Fig. 1. 

Inhibition at low pH values was found to be 
caused by Mg?* ions with all substrates, suggesting 
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Fig. 1. Effect of pH, nature of substrate and Mg®+ ions on phosphomonoesterase activity of rat liver at 38°. Veronal— 


acetate buffers were used. 


x, 0-01 M-Mg?+ ions present; @, Mg** ions absent. 


Substrates: (a) 0-005m-phenyl 


phosphate ; (b) 0-0025M-p-nitrophenyl phosphate; (c) 0-01 m-B-glycerophosphate ; (¢) 0-001 M-adenosine 3’-phosphate. 
Relative activity is the percentage of maximum activity. 
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the presence in rat liver of a Mg?* ion-sensitive 
enzyme with a low optimum pH. This inhibitory 
effect was absent, or present to only a small extent 
at pH values above 5-0. 

The shape of the curves obtained with f-glycero- 
phosphate differed from those obtained with 
pheny]- and p-nitropheny]l-phosphates at higher pH 
values, suggesting that there may be an enzyme, 
with optimum activity between pH 6-0 and 7-0, 
which acts preferentially on B-glycerophosphate. 
With adenosine 3’-phosphate two peaks in the pH— 
activity curve were observed, although in the 
presence of added Mg?+ ions the shape of the curve 
suggested the presence of a third enzyme with 
optimum activity above pH 6-0. 


Effect of various substances on the acid 
phosphatase activity of rat-liver homogenates 


In preliminary experiments it was found that the 
shape of the pH-activity curves obtained with 
acetate buffers differed from those obtained when 
veronal—acetate buffers were used. This effect was 
therefore investigated more fully with acetate and 
veronal—acetate buffers of the same ionic strength. 
The results of these experiments with phenyl 
phosphate as substrate are shown in Fig. 2. In all 
eases higher activities at the more acid pH values 
were obtained with veronal—acetate than with 
acetate buffers. 
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Fig. 2. Effect of type of buffer on pH-activity curve of acid 
phosphatase activity of rat-liver homogenate. @, 
Veronal-—acetate buffer; x , acetate buffer. J 0-172 in both 
cases. 0-005mM-Phenyl phosphate was present as sub- 
strate. Temp. of incubations, 38°. 
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A series of substances which had been shown by 
Abul-Fadl & King (1949) to affect erythrocyte and 
prostate acid phosphatase activities were tested on 
the phosphatase activity of rat-liver homogenates. 
The results obtained with p-nitrophenyl phosphate 
are shown in Figs. 3 and 4. 

The results found here are typical of those found 
with all substrates which have been used in the 
present work. Copper ions, even at a concentration 
of 2x 10-4, in contrast with Mg** ions caused a 
very marked inhibition at pH values above 4-0, 
although they brought about little change in 
activity at lower pH values. Considerable inhibition 
was caused by 0-01m-tartrate below pH 4-0, 
although the effect was less marked at higher pH 
values. Greatest inhibition with 0-5% formalde- 
hyde was observed between pH 3-4 and 4-9, whereas 
0-01 m-fluoride ion caused considerable inhibition at 
all the pH values studied. There is some indication 
of two maxima in the pH-activity curve when 
fluoride is present, one at about pH 4-0 and the 
other at pH 5-5. Citrate caused a marked inhibition 
below pH 4-5 but had no effect above this pH. 
None of these substances, in the concentrations 
used here, interfered with the determination of 
p-nitrophenol. 

It was found that 0-01 m-cyanide had little or no 
effect on the acid phosphatase activity of rat-liver 
homogenates. 

The effects of Zn?+, Ba?+ and Cu?+ ions on acid 
phosphatase activity were studied at pH values 3-75 
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Fig. 3. Effect of Cu*+ ions compared with that of Mg?+ ions 
on pH-activity curve of acid phosphatase activity of rat- 
liver homogenates. x, No addition; @, 0-002m-Cu?+ 
ions present; O, 0-01mM-Mg** ions present. 0-0025m- 
p-Nitrophenyl phosphate was present as substrate. 
Veronal-acetate buffers were used throughout. Temp. of 
incubations, 38°. 
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and 5-6 in acetate buffers, and at pH 6-5 ina veronal— 
acetate buffer. Phenyl phosphate was used as 
substrate, and in this experiment the liberated 
inorganic phosphate was determined to avoid any 
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Fig. 4. Effect of pt-tartrate, citrate, fluoride and formalde- 
hyde on the pH-activity curve of acid phosphatase 
activity ofrat-liver homogenates. Additions: (a) x ,none; 
O, 0-01 M-sodium citrate; ©, 0-01 M-sodium pL-tartrate. 
(b) x, none; O, 0-OlmM-NaF; @, 0-5% formaldehyde. 
0-005m-Phenyl phosphate was present as substrate. 
Veronal—acetate buffers were used throughout. Temp. of 
incubations, 38°. 





Table l. Effect of Cu®+, Zn?+ and Ba?* ions on hydro- 
lysis of phenyl phosphate by rat-liver homogenates 


Enzyme digests were buffered at pH 3-75 and 5-6, with 
acetate buffers, and at pH 6-5 with veronal-acetate buffers. 


Substrate conen. 5 mm. 
Activation (+) 
or inhibition ( — ) 


Metal added pH (%) 
0-0002 M-Cu?+ 3°75 -2 
5-60 — 60 
6-50 — 92 
0-01 M-Zn?* 3°75 - 50 
5-60 — 86 
6-50 — 87 
0-01 M-Ba?** 3°75 +20 
5-60 +16 
6-50 -2 
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interference, by the metal ions, with the method of 
estimating phenol. The results are summarized in 
Table 1, where it is seen that Zn?+ ions inhibit 
strongly at all pH values, whereas Ba?+ ions cause 
a slight activation at the two lower pH values. 


Fractionation of the acid phosphatases of rat liver 


The results reported above suggested the 
existence of at least two acid phosphatases in rat 
liver. Attempts were therefore made to fractionate 
the enzymes in order to obtain more evidence of the 
multiple nature of rat-liver acid phosphatase. All 
assays were carried out in 0-1M-acetate buffer, 
0-005m-phenyl phosphate being used as substrate. 


Stage 1. Rat liver (91 g.) was homogenized in a Waring 
Blendor and extracted with 300 ml. of 0-2Mm-acetate buffer, 
pH 5-0, for 24 hr. at 0°. This yielded, after centrifuging, 
290 ml. of a red opalescent solution containing 41% of the 
original activity (Table 2). This solution (A) was dialysed 
against distilled water at 0° for 21 hr., during which time 
a precipitate settled, leaving a clear brown supernatant, 
solution (B). The precipitate and supernatant were separ- 
ated by centrifuging at 0°. It will be seen from Table 2 that 
a 50% loss in activity resulted from this step, which does not 
justify the retention of this procedure in any future purifica- 
tions. 

Staae 2. Most of the acid phosphatase activity present in 
the supernatant after dialysis was precipitated by the 
addition of (NH,),SO, to 75% saturation and equilibration 
at 0° for 8 hr. The precipitate was separated by centrifuging 
at 0°, dissolved in 50 ml. of water and dialysed for 14 hr. 
at 0° against 21. of distilled water. A precipitate which 
appeared was removed by centrifuging. The supernatant, 
solution (C), contained all the activity of solution (B). 

Stage 3. Further fractionation was carried out with ace- 
tone in the presence of Zn?+ ions (Cohn ef al. 1950). Little 
activity was precipitated at acetone concentrations of less 
than 15%, whereas at concentrations over 40 % considerable 
inactivation took place. It was necessary to remove Zn?+ 
ions from the preparations before the phosphatase assays 
and this was achieved by suspending the precipitates in 
0-1 M-citrate buffer at pH 5-0 (Cohn et al. 1950), and dialysing 
overnight against distilled water at 0°. Preliminary experi- 
ments indicated that it was best to fractionate the main bulk 
of the preparation between 15 and 40% (v/v) acetone at a 
Zn?+ ion concentration of 1-5 x 10-?M. 

Zine acetate dihydrate (0-218 g.) was added to 50 ml. 
portions of solution (C) and the inactive precipitate re- 
moved at 0°. The solution was cooled to — 7° and 80% (v/v) 
acetone at — 10° added to a final concentration of 15 % (v/v). 
After equilibration at —7° for 15 min. the precipitate was 
centrifuged at —7°, suspended in 8 ml. of 0-1m-citrate 
buffer, pH 5-0, and dialysed against 11. of distilled water 
overnight at 0° (solution D). The supernatant was further 
precipitated at —7° by the addition of Zn** ions and 80% 
(v/v) acetone to final concentrations of 0-015m and 40% 
(v/v) respectively. After equilibration at —7° for 15 min. 
the precipitate was removed by centrifuging and treated as 
for the 15% acetone precipitate (solution £). 

The pH-activity curves for these preparations are shown 
in Fig. 5. Solution (D) showed maximum activity at pH 5-6, 
and the shape of the curve suggested the presence of another 
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enzyme acting at a much lower pH. A single peak of 
activity with a maximum at pH 4-4 was given by solution 
(EZ). The pH-activity curve of solution (D) was very similar 
to that of the original solution. From these results it 
appeared likely that two enzymes were indeed present in the 
original solution and that solution (Z) contained a larger 
amount of the enzyme with optimum activity at a lower pH. 

Stage 4. The possibility of attaining further separation by 
electrophoresis was investigated. Fig. 6a shows the electro- 
phoretic pattern of the phosphatase activity and protein 
concentration of solution (Z) as determined by paper 
electrophoresis in acetate buffer, pH 4-5, J 0-02, with assays 
for phosphatase activity carried out at pH 4-4. The signific- 
ance of the peak of phosphatase activity and protein occur- 
ring at the origin is difficult to interpret since it is probable 
that some of the protein is adsorbed at the origin. Neverthe- 
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Fig. 5. pH-activity curves of solutions (D) and (2) ob- 

tained in fractionation studies. Solution (D), @; solution 

(EZ), x. Assays were carried out at 38° in 0-2Mm-acetate 
buffer with 0-005m-phenyl phosphate as substrate. 


less, a peak of very high phosphatase activity was seen to be 
associated with the fastest-moving protein component. On 
repeating the experiment with phosphatase assays at 
pH 3-5 and 5-6 a similar distribution of phosphatase activity 
was observed in both, although the leading peak of phos- 
phatase activity was much more pronounced when the 
strips were assayed at the lower pH (Fig. 65). 

The fact that a large proportion of the phosphatase 
activity was associated with the leading protein component 
suggested that it might be possible to separate a protein 
fraction, rich in acid phosphatase, by electrophoresis in the 
Tiselius apparatus. Solution (Z) was therefore lyophilized 
and dissolved in 5 ml. of acetate buffer, pH 4-25, J 0-02. The 
solution was dialysed overnight against the buffer and the 
small precipitate which formed was removed by centrifug- 
ing. The schlieren diagram (ascending limb) obtained is 
presented in Fig. 7. Owing to the low ionic strength of the 
buffer a large boundary anomaly was obtained. The protein 
fractions associated with the leading boundary and the 
slower-moving components were separated and collected at 
the completion of the run. 

pH-activity curves were determined for these fractions 
and for the original solution, and the results are shown in 
Fig. 8. The fast fraction showed a well-defined optimum at 
pH 4-1 with a secondary peak of activity at pH 5-0. The 
slower-moving fraction showed a broad maximum of 
activity between pH 4-4 and 5-0. It was concluded that a 
phosphatase with optimum activity at about pH 4-0 is 
concentrated largely in the faster-moving fraction, whereas 
another enzyme, with optimum activity at about pH 5-0, 
appeared to be associated mainly with the slower-moving 
fraction. The form of the pH-activity curve of the original 
solution appeared to be a summation of these two curves. 
The activity of the fast fraction assayed at pH 4-1 was 
3680 units/mg. of protein, which represents a 14-3-fold 
purification over the starting material. 
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Fig. 6. Filter-paper electrophoresis of acid phosphatase activity of solution (Z). Electrophoresis was carried out at 5° 
on Whatman no. 3MM filter paper, 3 cm. wide, for 14 hr. (a), and for 17 hr. (b), at a voltage of 4-5v/em. length, in 
acetate buffer, pH 4-5, J 0-02. Assays were at 38°. (a) x, Relative phosphatase activity assayed at pH 4-4; 
@, relative protein conen. (b) x, Relative phosphatase activity assayed at pH 3-5; @, relative phosphatase 
activity assayed at pH 5-6. 
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The enzymic activity was very unstable in these purified 
preparations, all activity disappearing on storing overnight 
at — 15°. 


Intracellular distribution of the acid phosphatase 

activity of rat liver 

A study of the intracellular distribution in rat 
liver of acid phosphatase activity at pH 3-8, 5-5 and 
6-5 was undertaken to obtain more information on 
the nature of the enzyme complex present. Alkaline 
phosphatase, glucose 6-phosphatase and adenosine 
5’-phosphatase activities were also studied in the 
same fractions to compare the distribution of these 
activities with that of acid phosphatase. 

In preliminary experiments it was found that the 
time of homogenization of the tissue in 0-25M- 
sucrose was very critical. A time of 4-5 min. was 
required to ensure a preparation free from a signifi- 
cant number of unbroken cells, but unfortunately 
homogenization for this period brought about 
serious breakdown of cytoplasmic particles, as 
evidenced by increasing activities in the non- 
particular cytoplasm with time of homogenizing, 
accompanied by a corresponding decrease in the 
activities of the mitochondrial or microsomal 
fractions or both. In an attempt to overcome this 
difficulty the distribution of activities between nuclei 
and total cytoplasm was investigated by the method 
of Hogeboom et al. (1952), and further studies on 
the distribution of activities in the cytoplasmic 
fractions were carried out with the original Schneider 
(1948) technique. In the latter series of experiments 
homogenizing in 0-25M-sucrose was restricted to 
2 min. and the nuclear fraction was discarded. 

The results of a typical distribution between 
nuclei and cytoplasm are shown in Table 3. Neg- 
ligible amounts of acid phosphatase activity were 
found in the nuclear fraction. From the distribution 
of DNAP it appeared that the nuclear fraction con- 
tained 75 % of the nuclei originally present. The low 
RNAP content of this fraction was an indication 
that it was free from significant contamination by 
unbroken cells and cytoplasmic particles, and this 
was also confirmed by microscopic examination. 
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Fig. 7. Ascending-limb diagram from _ electrophoretic 
analysis of rat-liver acid phosphatase preparation 
(solution Z). Acetate buffer, pH 4-25, J 0-02. Fractions I 
and II separated as indicated after 60 min., fraction I 
from ascending limb and fraction II from descending 
limb. 
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Fig. 8. pH-activity curves of fractions separated by 
electrophoresis of solution FH in the Tiselius apparatus. 
O, Original solution; x, fraction I; @, fraction II. 
Assays were carried out in 0-2M-acetate buffers with 
0-005M-phenyl phosphate as substrate at 38°. 


Table 2. Fractionation of rat-liver acid phosphatase 


Assays carried out in 0-2M-acetate buffer, pH 5-3, with 0-005 M-phenyl phosphate as substrate. Purity of fractions are 
expressed in terms of activity/mg. of protein (6-25 x protein N). For unit of enzyme activity see Methods. 


Activity 


(units/ml.) 
Liver homogenate 584 
Soln. (A) 7600 
Soln. (B) 3624 
Precipitate removed from B _— 
Soln. (C) 4525 
Soln. (D) 3400 


Soln. (#) 9500 


Total 
volume 10% x total Recovery 
(ml.) units Purity (%) 
—- 5305 334 100 
290 2200 — 41-4 
309 1120 — 21-1 
— 57 — 1-0 
250 1131 — 21:3 
57-5 196 395 3-7 
15 yo 2892 13-5 
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Table 3. Relative phosphatase activities of rat-liver nuclei and cytoplasm 5 
Separations by the method of Hogeboom et al. (1952). Assays at pH 3-80 and 5-55 were carried out in 0-2M-acetate 
buffers, those at pH 6-50 in veronal-acetate buffers, J 0-172. Temp. of incubation, 38°. 0-01 M-8-Glycerophosphate was R 
used as substrate. Activity of unfractionated homogenate was taken as 100 in each case. thos 
Relative activity pH of assay DNAP RNAP inhi 
c 4s \ (pg-/100 mg. (pg./100 mg. 
Fraction 3-80 5-55 6-5 of liver) of liver) 
Whole homogenate 100 100 100 20-2 82-0 ) 
Nuclear 3 6 3 15-0 6-8 
Cytoplasmic 84 98 83 5-2 65-6 
Recovery 87 104 86 20-2 72-4 








[_ ] Total cytoplasm BB Microsomal fraction 


Mitochondrial KN cell sap fraction 




























































present in the non-particulate cytoplasm being 
negligible. 5’-Nucleotidase also appeared to be con- 


fraction centrated in the microsomal fraction. Over 50% of 
>> 1007 ] he the cytoplasmic alkaline phosphatase activity was | 
z | recovered in the non-particulate fraction with 
a variable amounts in the other two fractions. These var 
ca results are in agreement with those of Hers, Berthet, } whe 
g Berthet & de Duve (1951); Berthet & de Duve am 
e 50F (1951) and Novikoff, Podber, Ryan & Noe (1953). | sett 
a The distribution of acid phosphatase activity was pre] 
$ essentially the same at the three different pH values } not 
2 of assay. tart 
” “a i: \ i} DISCUSSION | pho 
pH of assay: 3°75 555 65 2 bea ale A 
Substrate : B-glycerophosphate (0-01 M) The work of Folley & Kay (1936) indicated the | agic 
> 100 fs a existence of three types of acid phosphatase | by ¢ 
z= differentiated by their pH optima, sensitivity to | sug 
= Mg?* ions and relative activity towards «- and B- } pho 
a glycerophosphates. Since this early work evidence T 
£ has assumulated which suggests that more than one alth 
o 50r non-specific acid phosphatase is present in liver leas 
= (Roche, 1950). ove 
S$ The results obtained in the present work suggest nect 
& \ the presence in freshly prepared rat-liver homo- T 
a , a4 \\ Ps i genates of at least two acid phosphatases, onehaving | app 
pH of assay: 1015 6-50 720 a pH optimum between 3:5 and 4-0, and another \ The 
Substrate:p-glycero- Glucose Adenosine with optimum activity at pH 5-0—-5-5. The former assa 
phosphate 6-phosphate —_5-phosphate appears to be activated by veronal, whereas the find 
(0-01 M) (0-005 m) (0-005 ) latter appears to be inhibited by this substance. [| pho 
Fig. 9. Relative phosphatase activities of various fractions Various metallic ions differed markedly in their } pho 
of rat-liver cytoplasm. Fractions were separated in effect on the two enzymes (Fig. 3 and Table 1). and 
0-25m-sucrose by the method of Schneider (1948). Assays Citrate and tartrate inhibited the enzyme which had | acid 
at pH 3-75 and 5-55 were carried out in acetate buffers, optimum activity at low pH values but had little pH 
those at pH 6-5 and 7-2 in veronal-acetate buffers and effect on the other (Fig. 4). Fluoride caused con- } pho 
those at pH 10-15 in boric acid-KCl-NaOH buffer. gjiderable inhibition of both enzymes, whereas tia: 
Temp. of incubation, 38°. Activity of whole cytoplasm cyanide had little effect on either. pha 
was taken as 100 in each case. Abul-Fadl & King (1949) carried out a similar som 
7 study on the acid phosphatases of erythrocytes and but: 
Fig. 9 shows a typical experiment on the relative prostate, and Gordon (1952) examined the effects of pH 
activities of the various cytoplasmic fractions. Acid some of these substances on the enzyme in extracts dist 
phosphatase activity (45-60%) wasrecoveredinthe of adrenal cortex. Table 4 compares some of these } 
mitochondrial fraction, whereas the microsome data with the results obtained in the present work. f 
fraction contained 20-38% of this activity. This comparison indicates a variation in be- 1 
Glucose 6-phosphatase activity was concentrated haviour of these various substances towards the the 
chiefly in the microsomal fraction and to a lesser activities of preparations from different tissues. | geni 
extent in the mitochondrial fraction, the amount Whether these differences can be accounted for by | pha 
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ACID PHOSPHATASES OF RAT LIVER 


Table 4. Comparison of the effects of various substances on the acid phosphatase activity 
at pH 5-0-5-5 in different tissues 


Results with erythrocyte, prostate and liver enzyme were obtained with 0-005 m-phenyl phosphate in acetate buffers; 
those with adrenal cortical enzyme were obtained with B-glycerophosphate in acetate buffers. Negative values represent 


inhibitions; positive values represent activations. 


Source of enzyme 


f oe ence Fn oe a -? a See = Se ee 
Liver Prostate* Erythrocytes* Adrenal cortext 
Substance added (% (%) (%) (%) 
0-01 M-Mg?+ Nil Slight inhib. Slight inhib. Nil 
0-0002 m-Cu?+ -— 85 Slight inhib. — 95 - 86 
0-01 m-Cyanide Nil +12 +8 _- 
0-01 M-pL-Tartrate -41 — 95 Nil -91 
0-01 M-Fluoride -— 53 — 96 ~8 — 
0-5% Formaldehyde — 68 Nil - 100 — 30 


* Results quoted from Abul-Fadl & King (1949). 


variation in protein content of the preparations or 
whether the enzymes themselves are different is still 
a matter of conjecture. This question can only be 
settled by studies on more highly purified enzyme 
preparations. In this connexion it is interesting to 
note that Anagnostopolous (1953) found that L- 
tartrate caused a 95 % inhibition of purified prostate 
phosphatase. 

Abul-Fadl & King (1949) found that human-liver 
acid phosphatase was almost completely inhibited 
by 0-01 M-1L-tartrate over the pH range 4-0—6-0. This 
suggests the possibility of a species difference in acid 
phosphatase activity. 

The results obtained from fractionation studies, 
although providing evidence for the existence of at 
least two phosphatases, did not show a very high 
over-all purification. Obviously further studies are 
necessary in this direction. 

The acid phosphatase activities of rat liver would 
appear to have a similar intracellular distribution. 
The distribution of glycerophosphatase activity, 
assayed at pH 6-5, was of interest in view of the 
finding of Swanson (1950) that purified glucose 6- 
phosphatase preparations from liver had glycero- 
phosphatase activity with an optimum at pH 6-5, 
and also in view of the possible presence of a third 
acid phosphatase, with optimum activity about 
pH 6-0-7-0, in crude homogenates with B-glycero- 
phosphate as substrate. It will be seen from Fig. 9 
that the ratio of distribution of glucose 6-phos- 
phatase activity between mitochondrial and micro- 
somal fractions is different from the ratio of distri- 
bution of B-glycerophosphatase activity assayed at 
pH 6-5. This suggests that the two activities are 
distinct. 


SUMMARY 


1. pH-activity curves have been determined for 
the acid phosphatase activity of rat-liver homo- 
genates with f-glycerophosphate, phenyl phos- 
phate, p-nitrophenyl phosphate and adenosine 3’- 
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+ Results quoted from Gordon (1952). 


phosphate as substrates. These curves suggested the 
presence in rat liver of two non-specific acid phos- 
phatases, with the possibility of a third showing 
some specificity towards f-glycerophosphate and 
adenosine 3’-phosphate. 

2. The effect of various substances on the phos- 
phatase activity of rat-liver homogenates was 
studied over a wide pH range and the results con- 
firmed the presence of at least two acid phosphatases. 

3. Further evidence for the existence of two acid 
phosphatases was obtained from fractionation 
studies involving acetone precipitation in the 
presence of Zn?+ ions and electrophoresis in the 
Tiselius apparatus. 

4. The intracellular distribution in rat liver of 
acid phosphatase activity was studied by differential 
centrifuging. No difference in the location of the 
different activities was apparent. 

The expenses of this research were defrayed in part from 
the Rankin Fund of the University of Glasgow. One of us 
(G.A.J.G.) is indebted to the Carnegie Trust for the 
Universities of Scotland for a scholarship during the period 
of this work. 
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The Hydrolysis of Glucose 1-Phosphate by Rat-Liver Extracts 


By G. A. 
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(Received 14 November 1956) 


The existence in rat liver of a phosphomonoesterase 
specific for the hydrolysis of glucose 6-phosphate is 
now well established, after the isolation of a partially 
purified preparation of this enzyme by Swanson 
(1950). It had been previously suggested by Broh- 
Kahn & Mirsky (1948) that no specific glucose 1- 
phosphatase activity exists in liver and that glucose 
1-phosphate is converted into glucose 6-phosphate 
before hydrolysis. Faulkner (1955), on the other 
hand, has demonstrated the presence in silkworm 
blood of a phosphatase specific for glucose 1- 
phosphate. The work of Broh-Kahn & Mirsky (1948) 
did not entirely eliminate the possibility of hydro- 
lysis of glucose 6-phosphate by other routes, and 
the present work was undertaken to examine the 
hypothesis of these workers. A preliminary account 
of this work has already appeared (Goodlad & Mills, 
1956). 
EXPERIMENTAL 


Substrates. Glucose 1-phosphate and glucose 6-phosphate 
were prepared as previously described (Goodlad & Mills, 
1957). 

Phosphatase activity. This was assayed by the general 
method described by Goodlad & Mills (1957). 

Phosphoglucomutase activity. This was measured by a 
method based on that of Najjar (1948): 0-1 ml. of 0-05m- 
glucose 1-phosphate (potassium salt, in solution containing 
0-1 m-cysteine), 0-5 ml. of buffer solution, 0-1 ml. of 0-01m- 
MgSO, and 0-3 ml. of enzyme solution, all preheated to 38°, 
were incubated together for 15 min: at 38°. The reaction was 
stopped by the addition of 1 ml. of 5n-H,SO, followed by 
3 ml. of water, and precipitated protein was removed by 


centrifuging. A portion (0-5 ml.) of the supernatant was 
heated at 100° for 10 min. and the total inorganic phosphate 
was estimated by the method of Allen (1940). The initial 
acid-labile phosphorus was determined in the same manner 
except that the substrate was added after the H,SO,. The 
decrease in acid-labile phosphorus (glucose 1-phosphate) is 
equivalent to the amount of acid-stable glucose 6-phosphate 
formed. 

One unit of phosphoglucomutase activity =1 yg. of acid- 
stable phosphorus formed/hr. under the above conditions. 

Separation of cytoplasmic particles. This was carried out 
by the method of Schneider (1948), which involves differ- 
ential centrifuging in 0-25M-sucrose solution. Separations 
were carried out at 4° with an MSE Major refrigerated 
centrifuge, a force of 600 g for 10 min. being used to separate 
nuclei and unbroken cells from the original homogenate. 
Centrifuging the supernatant at 8500-10 000 g for 10 min. 
separated the mitochondrial fraction (MT), and centrifuging 
the supernatant and washings from the MT fraction at 
18 000 g for 1 hr. separated the microsomal fraction (MS) 
and the supernatant cell sap (S). Each fraction was frozen 
in a solid CO,-acetone mixture and thawed rapidly, this 
process being repeated twice more to ensure liberation of 
enzymic activity from the particles (cf. Berthet, Berthet, 
Applemans & de Duve, 1951). 


RESULTS 


Hydrolysis of glucose 1-phosphate (G1-P) and 
glucose 6-phosphate (G 6-P) by unfractionated rat- 
liver homogenates. The hydrolysis of G 1-P by rat- 
liver homogenates differs in a number of respects 
from the hydrolysis of G 6-P. The pH. optimum for 
the hydrolysis of G 1-P was found to lie between 
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pH 7-2 and 7-5, whereas that for G 6-P was pH 6-5 
(Fig. 1). In addition, the speed of hydrolysis of 
G 6-P was almost twice that of G 1-P, each being 
measured at the same pH optimum and at the same 
substrate concentration (5mm). Magnesium ions 
were found to activate the hydrolysis of G 1-P toa 
considerable degree but had little action on the 
hydrolysis of G 6-P (Fig. 2). There was considerable 
inhibition of hydrolysis rate at high substrate con- 
centrations with G 1-P but not with G 6-P (Fig. 3). 


5r 


Activity (units/mg. of liver) 











Fig. 1. Effect of pH on the hydrolysis of G 1-P and G 6-P 
by rat-liver homogenates. Substrates were (a) 0-005Mm- 
G1-P and (6b) 0-:005m-G 6-P; 0-001M-Mg*+ ions were 
present in (a). Veronal-acetate buffers were used; 
temp. 38°. Hydrolysis was followed by rate of liberation 
of inorganic P. One unit of activity =1 yg. of P liberated/ 
hr. 
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Fig. 2. Effect of Mg*+ ions on the hydrolysis of (a) 0-005m- 
G 6-P and (b) 0-005m-G 1-P by rat-liver homogenates. 
x, Mg**+ ions present; @, Mg?+ ions absent. Veronal-— 
acetate buffers were used; temp. 38°. 
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Some properties of rat-liver phosphoglucomutase. 
The enzyme source in these experiments was the 
cell sap (S). The preparation used was shown to be 
free from glucose 6-phosphatase activity (Table 1, 
liver II), and phosphoglucomutase activity has 
already been shown to be located entirely in 
the cell sap by Hers, Berthet, Berthet & de Duve 
(1951). 

The pH optimum for the rat-liver phosphogluco- 
mutase activity was found to be 7-2 (Fig. 4), and 
Mg?* ions were found to be necessary for activity. 
Activation by Mg?+ ions was found to increase 
sharply up to a maximum at a concentration of 
0-5 mM; thereafter, increasing Mg*+ ion concentra- 
tion caused a fall in activity (Fig. 5). High concen- 
trations of substrate were found to have an in- 
hibitory effect, optimum activity occurring at a 
concentration of 5 mm-G 1-P (Fig. 6). 

The present work indicates that rat-liver phos- 
phoglucomutase has a pH optimum and a Mg?* ion 
requirement similar to those of preparations of this 
enzyme from other sources (Najjar, 1948; Cardini, 
1951; Sable & Calkins, 1953). In addition, it has 
been found that liver phosphoglucomutase does not 
lose significant activity on heating at 63° for 3 min. 
and that it is precipitated by (NH,),SO, at between 
40 and 50 % saturation. 

Hydrolysis of G1-P and G6-P by cytoplasmic 
fractions of rat liver. In addition to showing that the 
phosphoglucomutase activity of liver occurs in the 
cell sap, Hers et al. (1951) showed that the glucose 
6-phosphatase activity occurs principally in the 
microsomal fraction. 

Since the postulated mechanism for the hydro- 
lysis of G1-P involves a preliminary conversion 
into G 6-P, it is necessary to separate the two 
enzymic activities involved in this mechanism in 
order that any possible secondary mechanism for 
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Fig. 3. Effect of substrate concentration on the hydrolysis 
of G1-P and G6-P by rat-liver homogenates at 38°. 
@, G6-P; x, G1-P. 0-001 M-Mg*+ ions were present 
with G1-P. Assays were at pH 6-5 for G6-P and at 
pH 7-2 for G 1-P 
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the hydrolysis of G 1-P may become apparent. Rat- 
liver cytoplasm was therefore fractionated in 
0-25Mm-sucrose and the fractions were assayed 
singly, and in various combinations, for activity in 
hydrolysing G 1-P and G 6-P. The results of such an 
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rat-liver cell-sap fraction. 0-005mM-G 1-P, 0-001 M-Mg?+ 
ions and 0-001 M-cysteine in buffers 
at 38°. 
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Fig. 5. Effect of Mg?+ ion concentration on the phospho- 
glucomutase activity of rat-liver fraction. 
0-005 M-G 1-P and 0-001 M-cysteine at pH 7-7 and 38°. 
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Assays were carried out at pH 7-7 and 38°. 
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experiment are presented in Table 1. The distribution 
of glucose 6-phosphatase activity was found to be 
similar to that reported by Hers et al. (1951), that is, 
mainly in the microsomal fraction. Combination of 
the various fractions did not increase the glucose 
6-phosphatase activity more than was expected 
from the individual activities. 

The hydrolysis of G 1-P by each of the individual 
fractions was very small, but on combination of the 
microsomal and cell-sap fractions a large proportion 
(85 %) of the original activity was recovered, where- 
as 40% of the original activity was present in a 
combination of the mitochondrial and _ cell-sap 
fractions. No significant increases in activity were 
observed when either the microsomal or the cell-sap 
fraction was boiled before addition to the cell-sap 
or microsomal fraction respectively. This would 
appear to rule out the possibility of the increased 
activities on combination of the fractions being due 
to activators, and it suggests that the total activity 
is due to enzymic action. 

These results do not provide any evidence for the 
direct breakdown of G1-P by a glucose 1-phos- 
phatase, and the observed hydrolysis of this com- 
pound is most readily explained by the simultaneous 
activities of phosphoglucomutase and glucose 6- 
phosphatase. 


DISCUSSION 


Since the hexose phosphates of liver are the ultimate 
source of blood glucose, the pathway of glucose 1- 
phosphate breakdown by liver is of considerable 
physiological importance. 

Fleury, Courtois, Anagnostopoulos & Desjobert 
(1950) have claimed that purified preparations of 
alkaline phosphatase from kidney, liver and bone, 


Table 1. Hydrolysis of glucose 1-phosphate and 
glucose 6-phosphate by rat-liver cytoplasmic fractions 


Activities in the various fractions are expressed as a 
percentage of the activity shown by a mixture of mito- 
chondria (MT), microsomes (MS) and cell sap (8), in the 
proportions normally obtained from liver. Substrate 
concentration =5 mm; 0-001mM-MgSO, was added with 
G 1-P; pH of assay was 7-2 with G 1-P and 6-5 with G 6-P. 
Incubation was for 1 hr. at 38°. 

Liver II 


ions and 0-001M-cysteine were present. 


Liver I Substrate 

Cytoplasmic Substrate ————"— . 

fraction G 6-P G 6-P G1-P 
MT+MS+S8S 100 100 100 
MT 14 23 6 
MS 80 78 8 
S 14 0 4 
MT +MS 93 _- 4 
MS+8 82 85 
MT +S 28 40 
MS +S* — 17 
MS* +8 9 


* Fraction boiled before adding to reaction mixture. 





Vo 


an 
hy 
hai 
pai 
litt 


liv: 


opt 
cw 
of 

hig 


un 
of ; 
chs 
fin: 
Ke 
pre 
ans 
col 


sig 


by 


16 


Th 
att 
cal 
spt 
loc 


ing 





957 
tion. 
» be 
it is, 
n of 
cose 
eted 


lual 
‘the 
tion 
ere- 
in a 
-sap 
vere 
-sap 
-sap 
yuld 
ised 
due 
vity 


the 
hos- 
om- 
20US 
> 6- 


nate 
e l- 
able 


bert 
s of 
one, 


and 
tons 


as a 
nito- 
. the 
trate 
with 
6-P. 


Vol. 66 


and also purified human prostate phosphatase, can 
hydrolyse G 1-P more or less rapidly. On the other 
hand, Swanson (1950) found that her purified pre- 
paration of liver glucose 6-phosphatase had very 
little activity towards G 1-P. 

In the present work, the hydrolysis of G 1-P by 
liver extracts was most active at pH 7-2—7-5, with 
a rapid decline in activity on either side of the 
optimum, although the shape of the pH-—activity 
curve did not completely preclude the hydrolysis 
of G 1-P by non-specific alkaline phosphatases at 
higher pH values. 

The characteristics of the hydrolysis of G 1-P by 
unfractionated extracts of liver differed from those 
of glucose 6-phosphatase but closely resembled the 
characteristics of liver phosphoglucomutase. These 
findings lend strong support to the views of Broh- 
Kahn & Mirsky (1948) that G1-P undergoes a 
preliminary conversion into G 6-P before hydrolysis 
and that this conversion into G 6-P is the rate- 
controlling step in the over-all reaction. This view is 
strengthened by the finding that no fraction of liver 
cytoplasm hydrolysed G 1-P alone, but that com- 
bination of either microsomal or mitochondrial 
fraction with cell sap caused significant hydrolysis. 
In these cases the microsomal and, to a lesser degree, 
the mitochondrial fractions contained glucose 6- 
phosphatase activity whereas the cell sap did not. 
The cell sap is, however, a rich source of the enzyme 
phosphoglucomutase. 

The ability of the nuclear fraction to hydrolyse 
G 1-P was not studied in the present work, but it 
has been found by one of us (G.T.M., unpublished 
observation) that isolated rat-liver nuclei cause no 
significant breakdown of G 1-P. 


SUMMARY 


1. The hydrolysis of glucose 1-phosphate (G 1-P) 
by unfractionated rat-liver homogenate differs from 
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the hydrolysis of glucose 6-phosphate (G 6-P) in 
having a higher optimum pH, being much more 
strongly activated by Mg?+ ions and by showing 
inhibition by high substrate concentrations. 

2. Some properties of liver phosphoglucomutase 
have been investigated and the enzyme was found to 
be similar in many respects to that isolated from 
other tissues. 

3. The results of the present work support the 
view that the main route of G 1-P hydrolysis in liver 
is through a preliminary conversion into G 6-P, 
catalysed by phosphoglucomutase. 

4. An examination of the abilities of the separ- 
ated cytoplasmic fractions to hydrolyse G 1-P and 
G 6-P supports the above view. 


The expenses of this research were defrayed in part from 
the Rankin Fund of the University of Glasgow. One of us 
(G.A.J.G.) is indebted to the Carnegie Trust for the 
Universities of Scotland for a scholarship during the period 
of this work. 
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Studies on Sulphatases 
16. A SOLUBLE PREPARATION OF ARYLSULPHATASE C OF RAT-LIVER MICROSOMES* 
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The arylsulphatase activity of rat liver can be 
attributed to at least three distinct enzymes which 
can be differentiated by their relative substrate 
specificities, behaviour towards inhibitors and their 
localization within the liver cell. Two of the aryl- 

* Part 15: Dodgson & Spencer (1957). 

+ Present address: Wernse Cancer Laboratories, Wash- 
ington University, St Louis, Mo 


sulphatases (A and B) have very similar properties 
and are found mainly in the mitochondria. They are 
easily obtained in a soluble form by any of the pro- 
cedures which are known to disrupt mitochondria, 
and have been termed the ‘soluble’ arylsulphatases. 
On the other hand, the remaining enzyme (ary]- 
sulphatase C), which is located almost exclusively in 
the microsomes, has been termed ‘insoluble’ since 








358 


the methods which are effective in solubilizing the 
mitochondrial arylsulphatases fail to bring it into 
solution (Dodgson, Spencer & Thomas, 1955). 
Purification of the microsomal arylsulphatase has 
been hindered by its insoluble nature. This paper 
describes the attempts made to prepare a soluble 
extract of this enzyme. 


EXPERIMENTAL 


Materials. The potassium salts of p-acetylphenyl] sulphate 
(APS), p-nitrophenyl sulphate (NPS) and 2-hydroxy-5- 
nitrophenyl sulphate (nitrocatechol sulphate, NCS) were 
prepared as before (Dodgson ef al. 1955). Crude trypsin and 
Pancreatin were obtained from British Drug Houses Ltd., 
crystalline trypsin and Steapsin from L. Light and Co. Ltd., 
and Lissapol-N from Imperial Chemical Industries Ltd. 
The various pancreatic preparations were devoid of aryl- 
sulphatase C activity. Medical Research Council hooded 
rats were used. 

Sodium acetate—acetic acid buffer. In many of the enzyme 
experiments sodium acetate—acetic acid mixtures (hereafter 
referred to as acetate buffer) were used at pH values where 
such mixtures have little buffering power. In these, pH was 
checked at the beginning and the end of the experiment. No 
detectable changes in pH were observed. 

Determination of arylsulphatase C activity. Ary|sulphatase 
C was measured by methods used previously, in which the 
phenols liberated from APS and NPS, after 1 hr. incubation 
periods at 37°, were measured spectrophotometrically 
(Dodgson et al. 1955). 

The major part of the work was carried out with rat-liver 
preparations which still contained the ‘soluble’ arylsul- 
phatases A and B. However, previous work (Dodgson et al. 
1955) has shown that the microsomal enzyme can be 
effectively measured in the presence of A and B by using 
either 0-007M-APS in 0-5M-acetate buffer at pH 7-2, or 
0-0025M-NPS in the same buffer at pH 7-0, since under 
these conditions the activity of, and competition by, the 
‘soluble’ enzymes is quite small. Liberated p-nitrophenol 
cannot be quantitatively recovered from fresh rat-liver 
suspensions (Dodgson & Spencer, 1953), and the arylsul- 
phatase activity of such preparations was determined with 
APS. Recovery of p-nitrophenol is complete from fresh 
microsome preparations and from acetone-dried liver, and 
although in these cases choice of substrate is immaterial, NPS 
has generally been used since the spectrophotometric 
readings of the control determinations were lower than those 
obtained with APS. 

Determination of arylsulphatases A and B. 'The combined 
activity of the A and B enzymes was approximately deter- 
mined by measuring the nitrocatechol liberated during 1 hr. 
at 37° from 0-02mM-NCS in 0-5M-acetate buffer, pH 6-0 
(Dodgson et al. 1955). 

Criteria of solubility. The following standard procedure 
was adopted for assessing the degree of solubilization of 
arylsulphatase C achieved by treatment of the liver pre- 
parations by various methods. A portion of the treated 
material was centrifuged at 25 000g for 1 hr. at 0°. Sub- 
sequently, both uncentrifuged material and the supernatant 
prepared by centrifuging were adjusted to the assay pH 
before determining arylsulphatase activity with APS or 
NPS. The activity appearing in the supernatant was 
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expressed as a percentage of that of the uncentrifuged 
material and represented the amount of arylsulphatase C in 
solution. In view of the large experimental error of the 
assay method when measuring the low enzyme C activities 
which were found in many experiments, solubilization was 
considered to have been achieved only when more than 5% 
of the total arylsulphatase C activity appeared in this 
fraction. When centrifuging indicated that solubility had 
been achieved, a further test was applied. The soluble 
extract was treated with acetone at —5° until the concen- 
tration of acetone was 80% (v/v). The precipitated material 
was separated, washed well with cold acetone and dried in 
vacuo. The solubility in water of the arylsulphatase C of the 
resultant powder was then assessed. 
All values for g are average values. 


RESULTS 
Attempted solubilization of arylsulphatase C 


Extraction with aqueous solutions. Suspensions of 
fresh rat liver (1-4 %, w/v) were prepared by use of 
a glass homogenizer (Potter & Elvehjem, 1936). The 
suspension media used were water, sodium acetate- 
acetic acid (0-05-2Mm) or sodium phosphate (0-05- 
0:2m) buffers covering the pH range 4-10, and iso., 
hypo- or hyper-tonic NaCl solutions. The suspen- 
sions were centrifuged immediately or after incuba- 
tion for 1, 3 or 24 hr. at 37°. In no case was there 
more than 5% of the arylsulphatase C activity of 
the whole suspension present in the centrifuged 
supernatant. 

Microsomes prepared by the method of Schneider 
(1948) were also subjected to the above treatments 
without any solubilization of the arylsulphatase 
occurring. The arylsulphatase of suspensions of 
microsomes in 0-5M-acetate, which were adjusted to 
pH 3 with HCl or pH 11 with NaOH and kept at 
0° for 1 hr., was considerably inactivated and still 
insoluble. 

Alternate freezing and thawing. Alternate freezing 
(—70°) and thawing (37°) of fresh liver or micro- 
some suspensions in 0-5M-acetate, pH 7-0, pro- 
gressively destroyed arylsulphatase activity and it 
was not possible to extract the arylsulphatase from 
the treated material with various buffers or saline 
solutions. The arylsulphatase C of freeze-dried liver 
suspensions was similarly insoluble. 

Mechanical degradation. The use 
disintegrator (Mickle, 1948) in which fresh rat-liver 
suspensions were shaken at 50 cyc./sec. for 30 min. 
with Ballotini no. 12 (English Glass Co., Ltd.) failed 
to release arylsulphatase C in a soluble form. 

Treatment with organic solvents. It was possible 
that the high lipid content of microsomes (40%; 
Dounce, 1950) was responsible for the failure of the 
above methods to bring the enzyme into solution. 
The presence of a lipid barrier through which the 
aqueous media could not penetrate or, alternatively, 
the presence of the enzyme as a lipoprotein complex, 


of a_ tissue 





Vo 


Wwol 
ext 
ma 
] 
eth 
fro) 
use 
par 
pov 
the 
lyo 
was 
obt 
Ex 
live 
Mo 
int 
g 
age 
phe 
Ro 
sun 
act 
sol 
the 
Wi 
enz 
con 
for 
det 
l 
dri 
abl 
son 
the 
an 
dri 
me 
sus 
cru 
in ; 
act 
soli 
cru 
and 
cau 
tase 
y: 
effe 
the 
diff 
the 
buf 
tres 
and 
var 
fror 
sub 


1957 | 


fuged 
> Cin 
f the 
vities 
1 was 
15% 

this 

had 
luble 
1cen- 
erial 
od in 
f the 


is of 
e of 
The 
ate— 
05- 
iSO-, 
en- 
iba- 
1ere 
y of 
ged 


ider 
nts 
fase 
| of 
1d to 
E at 
still 


ing 
oro- 
rO- 
d it 
‘om 
line 
ver 


sue 
ver 
nin. 
iled 


ible 
%; 
the 
ion. 
the 
ely, 
lex, 





Vol. 66 


would explain the ineffectiveness of the aqueous- 
extraction procedures. Attempts were therefore 
made to remove lipids with organic solvents. 

Rat liver was acetone-dried and washed with 
ether but no arylsulphatase C could be extracted 
from the resulting powder with any of the solvents 
used previously in the extraction of fresh liver pre- 
parations. The arylsulphatase C of acetone-dried 
powders of fresh liver prepared after subjection of 
the fresh tissue to alternate freezing and thawing, 
lyophilization or the use of the tissue disintegrator 
was similarly insoluble. Similar results were 
obtained with ethanol or dioxan in place of acetone. 

ixtraction of fresh, freeze-dried or acetone-dried 
liver suspensions with n-butanol as described by 
Morton (1955) failed to bring the arylsulphatase C 
into a soluble form. 

Surface-active agents. The effect of surface-active 
agents on the activity and solubility of arylsul- 
phatase C has been considered separately (Dodgson, 
Rose, Spencer & Thomas, 1957) and may be 
summarized as follows. All haemolytic surface- 
active agents appeared to bring the enzyme into 
solution, and solubilization appeared to depend on 
the presence of detergent micelles in the mixture. 
When the detergent was removed with acetone the 
enzyme once more became insoluble, and it was 
concluded that the solubility effect was due to the 
formation of a soluble micelle-complex between the 
detergent and the arylsulphatase. 

Use of pancreatic enzymes. Treatment of acetone- 
dried liver with crude trypsin resulted in consider- 
able destruction of arylsulphatase C with, however, 
some release of activity into solution. The extent of 
the destructive and solubilizing effects was variable 
and depended on the particular trypsin and acetone- 
dried liver preparations used. In a typical experi- 
ment, treatment of 10 ml. of a 0:8% aqueous 
suspension of acetone-dried rat liver with 5 mg. of 
crude trypsin for 30 min. at 37° and pH 8:4 resulted 
in a loss of 49% of the original arylsulphatase C 
activity, but 36 % of the remaining activity was in 
solution. Similar results were obtained with other 
crude pancreatic preparations, including Pancreatin 
and Steapsin, but crystalline trypsin, although 
causing considerable destruction of the arylsulpha- 
tase, failed to release any activity into solution. 

Attempts were made to minimize the destructive 
effects of the pancreatic preparations and to increase 
the solubilizing effect by varying the amounts of the 
different pancreatic extracts used, the duration of 
the incubation period, the concentration and type of 
buffer and the pH and temperature at which the 
treatment was carried out. The results were variable 
and seldom repeatable, and the efficacy of the 
various commercial pancreatic preparations varied 
from batch to batch. In no case was it possible 
substantially to increase the solubilizing effect 
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without also increasing the rate of destruction of 
arylsulphatase C. Thus in the most successful 
experiment with Steapsin at pH 8-0 in the absence 
of buffer, and incubating for 1 hr. at 4°, 70% of the 
arylsulphatase activity remaining after the treat- 
ment was soluble but there was an over-all loss of 
60 % of the original activity. 

Use of pancreatic preparations in the presence of 
surface-active agents. In view of the high lipid 
content of microsomes, and the fact that crystalline 
trypsin failed to solubilize arylsulphatase C, the 
action of the crude pancreas extracts could possibly 
be explained on the assumption that the arylsul- 
phatase was released from an insoluble lipid— 
protein complex by lipolytic enzymes, whereas 
proteolytic enzymes were responsible for the loss in 
activity. A surface-active agent was therefore used 
in an attempt to disperse the supposed arylsul- 
phatase complex and thus stimulate the lipolytic 
action of the pancreatic preparation. 

The solubility of arylsulphatase C of an aqueous 
suspension of acetone-dried liver was determined 
before and after treatment with Lissapol-N or 
Steapsin alone or with Lissapol-N plus Steapsin 
(Table 1). The combined action of Lissapol-N and 
Steapsin, in the absence of buffer at pH 8-0 and 
upon incubation for 30 min. at 37°, resulted in only 
56% destruction of the arylsulphatase, as com- 
pared with 72% by Steapsin alone, and brought 
almost the whole of the remaining activity into 
solution. When this treatment was carried out at 4° 
over a period of | hr. there was a loss of only 31 % of 


Table 1. Effect of treatment with Steapsin and Inssa- 
pol-N on the activity and solubility of the arylsul- 
phatase C of acetone-dried rat liver 


Portions (10 ml.) of an aqueous suspension (0-8%) of 
acetone-dried rat liver were incubated for 30 min. at 37° 
with 1 ml. of water (control), or 1 ml. of an aqueous 
suspension of Steapsin (containing 0-1 g. of Steapsin), or 
1 ml. of an aqueous solution of Lissapol-N (containing 
0-02 g. of Lissapol-N), or 1 ml. of an aqueous mixture 
containing 0-1 g. of Steapsin and 0-02 g. of Lissapol-N. All 
suspensions or solutions were adjusted to pH8 with 
n-NaOH before mixing. The arylsulphatase C activity 
remaining and the amount present in a soluble form as 
a result of these treatments were then determined as 
described earlier. 

Arylsulphatase 
C activity of 
the treated 
suspensions Arylsulphatase C 


Acetone-dried rat (% of water in solution 


liver incubated with control) (%) 
Water (control) 100 4 
Lissapol-N 106 34 
Steapsin 28 20 
Lissapol-N + Steapsin 44 95 
Lissapol-N + Steapsin* 69 91 


* Incubation was carried out at 4° for 1 hr. 
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the arylsulphatase activity with little decrease in 
the percentage of the enzyme brought into solution. 
Similar results were obtained with Pancreatin or 
crude trypsin in combination with Lissapol-N. 
Initial treatment of rat liver with acetone was not 
an essential prerequisite for the liberation of aryl- 
sulphatase C by the pancreatic preparations since 
the arylsulphatase of fresh microsomes could be 
similarly solubilized. 

Although the sedimentation criterion suggested 
that the arylsulphatase C obtained after treatment 
of rat liver with Lissapol-N and Steapsin was in a 
soluble form, the possibility existed that the enzyme 
was being held in solution by the detergent (cf. 
Dodgson et al. 1957). The centrifuged supernatants 
of acetone-dried liver or fresh microsomes after 
Steapsin—Lissapol-N treatment at 4° were therefore 


treated with acetone (final concentration of 80%, 
v/v) at —5° and the resultant precipitate was 


separated, washed well with cold acetone and dried 
in vacuo. Extraction of this material, which was 
now free from Lissapol-N, with water showed that 
in the best preparations 90 % of the arylsulphatase 
C activity was soluble and could not be precipitated 
by centrifuging at 25000 g for 1 hr. When Lissapol- 
N was used in the absence of Steapsin, the aryl- 
sulphatase C of acetone-dried material prepared in 
this way was completely insoluble (Dodgson et al. 
1957). 

Table 1 indicates that Lissapol-N, in addition to 
increasing the solubilizing effect of the pancreatic 
preparations, also inhibited the ability of the pre- 
parations to inactivate the arylsulphatase. This 
point was further investigated by studying the 
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Fig. 1. Effect of Lissapol-N on the inactivation of rat-liver 
arylsulphatase C by Steapsin. Each reaction mixture 
consisted of 2-5 ml. of a 17% (w/v) aqueous suspension of 
acetone-dried rat liver, 0-5 ml. of a 5% (w/v) aqueous 
suspension of Steapsin and 3 ml. of an aqueous solution of 
Lissapol-N of twice the required final concentration. In 
the control determinations water was substituted for the 
Steapsin suspension. All the mixtures were adjusted to 
pH 8-0 with n-NaOH and maintained at 4° for 1 hr. 
before arylsulphatase assay. 


extent of the inactivation of the arylsulphatase C of 
acetone-dried liver by Steapsin in the presence of 
increasing concentrations of Lissapol-N. The 
inactivation decreased as the concentration of 
Lissapol-N was increased (Fig. 1). Lissapol-N 
similarly protected the arylsulphatase C of fresh 
microsomes against Steapsin inactivation, but in 
this case the degree of protection afforded was 
appreciably less than that observed with the 
acetone-dried liver. 

The ability of pancreatic preparations to release 
arylsulphatase C into true solution was not affected 
by high Lissapol-N concentrations. Thus Steapsin 
(0-75 g.) was added to a suspension of 0-75 g. of 
acetone-dried liver in 75 ml. of water containing 
1-4 g. of Lissapol-N, the whole being adjusted to 
pH 8-0 with NaOH. After incubation for 30 min. at 
4° the mixture was centrifuged at 25000 g for 1 hr. 
at 0° and the supernatant treated with acetone as 
described above in order to precipitate the enzyme 
and to remove Lissapol-N. Over 90% of the total 
arylsulphatase C activity of the resulting powder 
was soluble in water. 


Soluble preparations of arylsulphatase C 


The preparation of arylsulphatase C free from 
arylsulphatases A and B was now considered. It 
seemed possible that this could be done by a pre- 
liminary extraction of arylsulphatases A and B 
from acetone-dried rat liver with water or buffer ; or 
alternatively by preparing microsomes by differ- 
ential centrifuging in isotonic sucrose, thus largely 
removing A and B which are located mainly in the 
mitochondria. 

Although repeated extraction of acetone-dried 
liver with water or acetate buffer (0-5m, pH 7-0) 
removed the bulk of the arylsulphatases A and B 
(Dodgson et al. 1955) a certain amount of these 
enzymes (about 10 % of that originally present) still 
remained in the washed debris. This was deduced 
from the fact that the washed debris contained 
activity towards NCS (0-02m, pH 6-0) which was 
completely inhibited by 0-0025mM-PO,3-. The 
activity of arylsulphatase C is largely unaffected by 
this concentration of phosphate (Dodgson et al. 
1955). Furthermore, the repeated extraction of the 
acetone-dried liver caused appreciable destruction 
of arylsulphatase C and the residual C could not be 
completely solubilized by the subsequent Steapsin— 
Lissapol-N treatment. 

The elimination of arylsulphatases A and B by 
separation of the microsomal fraction in isotonic 
sucrose appeared to be no more effective than the 
washing of acetone-dried liver, since the micro- 
somal fraction contained about 20 % of the A and B 
activity of the whole liver cell (Dodgson et al.1955). 
On the other hand, the arylsulphatase C of fresh 
microsomes could be completely solubilized and 
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microsomes were therefore preferred as starting 
material for the preparation of a soluble extract 
of arylsulphatase C. Unfortunately, treatment of 
microsomes with Steapsin and Lissapol-N also 
liberated into solution the arylsulphatases A and B, 
and attempts were therefore made to remove these 
enzymes from the microsomal fraction before 
solubilization of arylsulphatase C. 

Removal of arylsulphatases A and B from micro- 
somes. About 15-30% of the arylsulphatase A and 
B activity of microsomes (measured with 0-02M- 
NCS at pH 6-0) could be washed out by suspending 
the microsomes in water or 0-15M-NaCl and centri- 
fuging at 25 000g for lL hr. Little further activity 
could be removed by subsequent washings. Alter- 
nate freezing and thawing of water suspensions of 
microsomes or treatment of such suspensions with 
n-butanol at 37° for 30 min. with the two-phase 
system of Morton (1955) liberated less than 50% of 
the A and B activity into solution. 

A more complete removal of arylsulphatases A 
and B was achieved by maintaining suspensions of 
microsomes in water, 0-15mM-NaCl or 0-5m-sodium 
acetate at a pH of 10 for 1 hr. at 4°, followed by 
readjustment of the pH to 7-0 with acetic acid and 
centrifuging at 25000 g and 0° for 1 hr. Less than 
10 % of the A and B activity of the fresh microsomes 
remained in the centrifuged debris. No solubiliza- 
tion of arylsulphatase C occurred during these 
procedures but some loss (approx. 10%) in activity 
was observed. The A and B activity still remaining in 
association with the microsomal material could not 
be extracted by repetition of any of the above 
treatments. This procedure, in the presence of 
sodium acetate, was adopted asa preliminary step in 
the preparation of soluble arylsulphatase C. 

Large-scale preparation of soluble arylsulphatase C. 
Wet microsomes (8 g. wet wt.) prepared by the 
method of Schneider (1948) from 26 g. of rat liver 
were suspended in 30 ml. of 0-5m-sodium acetate 
at 4° (assay point 1) and the pH of the suspension 
was adjusted to 10 with N-NaOH. After keeping at 
4° for 1 hr. (assay point 2), the pH was readjusted 
to 7-0 with acetic acid and the whole centrifuged at 
25 000 g and 0° for 1 hr. The sedimented material 
(assay point 3), which now contained appreciably 
smaller amounts of arylsulphatases A and B, was 
suspended in 100 ml. of water containing 3 g. of 
Lissapol-N (assay point 4) and the whole was 
adjusted to pH 8-0 with n-NaOH. To this mixture 
was added 10 ml. of an aqueous Steapsin suspension 
(containing 1-8 g. of Steapsin) which had been 
adjusted to pH 8-0 with n-NaOH. After standing for 
lhr. at 4° (assay point 5), the mixture was re- 
adjusted to pH 7-0 with acetic acid before centri- 
fuging for 1 hr. at 25 000 g and 0°. The clear super- 
natant solution was cooled to 0° and cold acetone 
was added slowly, with mechanical stirring, until the 
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concentration of acetone was 80% (v/v). The pre- 
cipitate was allowed to flocculate and was separated 
by centrifuging at 2000 g and 0° for 1-2 min. The 
precipitate was immediately resuspended in dry 
acetone at 0° with the aid of a glass homogenizer, 
filtered off at the pump and washed well with dry 
acetone at 0°. The filter-cake was not allowed to 
crack before the precipitate had been thoroughly 
washed. This precipitation and washing procedure 
must be followed exactly in order to avoid the 
formation of gummy enzyme material. The washed 
material was dried in vacuo (assay point 6). The 
resultant powder (1 g.) was suspended in 60 ml. of 
water, by use of a glass homogenizer, and allowed to 
stand at 4° for 2 hr. before centrifuging at 25000 g 
and 0° for 30min. The clear supernatant (assay 
point 7) was adjusted to pH 4-5 with acetic acid and 
the precipitate which separated was collected by 
centrifuging and redissolved in 0-5m-sodium 
acetate—acetic acid at pH 7-0. The precipitate dis- 
solved completely (assay point 8). This final treat- 
ment with acetic acid was not an essential step in the 
actual solubilization procedure but was included 
since it brought about a threefold purification of the 
enzyme on a protein basis. At various stages 
(described above as assay points) samples were 
assayed with NPS and NCS, the appropriate ex- 
perimental conditions described earlier being 
used. The results of these assays are recorded in 
Table 2. 

It can be seen from Table 2 that the final prepara- 
tion still contained appreciable amounts of aryl- 
sulphatases A and B, although the amounts present 
represent less than 0-5 % of the A and B activity 
present in fresh whole liver. The final preparation 
was stable if kept in the frozen state but rapidly lost 


Table 2. Total arylsulphatase C activity and total 
combined activities of arylsulphatases A and B 
remaining at various stages during the procedure 
for the solubilization of the arylsulphatase C present 
in 8 g. (wet wt.) of rat-liver microsomes 

Total arylsulphatase activity 
present at the assay point 


‘ 





Combined 
activities of 
Arylsulphatase arylsulphatases 
C (ug. of p- A and B (yg. of 
Assay nitrophenol nitrocatechol 
point liberated from liberated from 
(see text) NPS/hr.) NCS/hr.) 


Ratio of 
NPS:NCS 
activities 


1 20 500 60 400 1:3-0 
2 18 200 44 500 1:2°5 
3 15 300 14 100 1:0°9 
4 22 400 15 000 1:0°7 
5 10 800 13 700 1:1-1 
6 6 200 2 400 1:0-4 
7 4150 , 2 150 1:0°5 
8 3 100 1 130 1:0-4 
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activity at room temperature. This was presumably 
due to the continued presence of the crude Steapsin 
in the final preparation. 


DISCUSSION 


Clearly, more work on the preparation of soluble 
arylsulphatase C will be required before a completely 
satisfactory procedure is evolved. Two outstanding 
problems have not yet been solved, namely, the 
complete elimination of arylsulphatases A and B 
from the final preparation and the stabilization of 
this final preparation. Further work now proceeding 
in this laboratory is directed at solving these 
problems. Because of the unstable nature of the 
final soluble enzyme preparation it has not been 
possible to compare the properties of the original 
and the soluble enzyme with any degree of accuracy. 
Such a comparison would be of interest in connexion 
with the mechanism of arylsulphatase action. In 
the untreated microsomal material, enzyme action 
would appear to be necessarily confined to the 
surface of the insoluble enzyme complex and hence 
presumably occurs at a liquid—solid interface. It has 
been suggested by Biicher (1953) that insoluble 
particulate enzymes might act by physical reaction 
mechanisms not explicable by ordinary chemical- 
collision theory and that differences in the kinetics 
of soluble and insoluble enzyme systems might be 
observed. 

The original observations of Dodgson, Spencer & 
Thomas (1954), which indicated the microsomal 
origin of arylsulphatase C, have since been confirmed 
by Gianetto & Viala (1955). These workers suggest 
that the small amount of arylsulphatase C activity 
which can be found associated with the nuclear and 
mitochondrial fractions obtained by differential 
centrifuging is due to contamination of these 
fractions by microsomes. It seems highly probable 
that the whole of the arylsulphatase C activity of the 
liver cell resides in the microsomal particles. The 
distribution of arylsulphatase C in the rat-liver cell 
thus closely resembles that of glucose 6-phosphatase 
(Hers, Berthet, Berthet & de Duve, 1951), and it is 
therefore not surprising that the latter enzyme also 
presents solubilization problems similar to those 
encountered during the present work. Although 
glucose 6-phosphatase has been obtained in soluble 
form by treatment with surface-active agents 
(Beaufay & de Duve, 1954; R. G. Langdon & D. R. 
Weakley, private communication), like arylsulpha- 
tase C, it resumed its insoluble form after removal 
of the detergent. 

The present study of the behaviour of arylsul- 
phatase C towards various extraction procedures 


when considered in conjunction with the studies of 
the ability of detergents to solubilize the enzyme 
(Dodgson et al. 1957) has provided little definite 
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evidence as to the physical state of the enzyme 
within the cell. However, the results obtained are 
not incompatible with the possibility that the 
enzyme is a soluble protein existing within the 
microsomes as an insoluble lipoprotein complex. 
The crude pancreatic enzyme preparations used in 
the solubilization of the arylsulphatase contain both 
lipolytic and proteolytic enzymes, but it is perhaps 
particularly significant that crystalline trypsin, 
although causing appreciable inactivation of ary]- 
sulphatase C, is incapable of solubilizing the enzyme. 
It will be desirable to use purer enzyme prepara- 
tions of known specificity to obtain more definite 
evidence as to the nature of the insoluble aryl- 
sulphatase complex. 

The arylsulphatase C of human liver is also 
insoluble in nature (Dodgson, Spencer & Wynn, 
1956) and may be presumed to be located in the 
microsomes. Attempts to solubilize this enzyme by 
procedures similar to the ones used in the present 
work have been unsuccessful (Dodgson et al. 1956), 
but whether this represents a fundamental difference 
between the two enzymes is not certain since it has 
not so far been possible to examine the human-liver 
enzyme within less than 48 hr. after death. 

The distribution of arylsulphatases A and B in the 
liver cell is worthy of some comment. The original 
claim of Dodgson et al. (1955) that the bulk of the A 
and B activity of rat liver was associated with the 
mitochondria has been confirmed and extended by 
Viala & Gianetto (1955), who suggested that the 
enzyme was mainly confined to the so-called ‘light 
mitochondria’. However, it seems certain that 
significant amounts of these enzymes also occur in 
the microsomes, and repetition of the microsome— 
mitochondria separation stage during the fraction- 
ation procedure of Schneider (1948) still gave a 
microsomal fraction containing about 15% of the 
total A and B activity of the liver cell. This micro- 
somal A and B activity can be completely inhibited 
by 0-0025m-phosphate without appreciably affect- 
ing the activity of arylsulphatase C. About 80% of 
the microsomal A and B can be extracted from the 
microsomes by fairly simple procedures. The 
remainder cannot be extracted by these procedures, 
however, but is solubilized during the treatment of 
microsomes with pancreatic preparations in the 
presence of detergent. These findings might indicate 
that arylsulphatases A and B both exist in the 
microsomes in two different physical states. This is 
perhaps not surprising in view of the heterogeneity 
of the microsomal material (cf. Slautterback, 1952). 


SUMMARY 


1. Attempts have been made to obtain the aryl- 
sulphatase C of rat-liver microsomes in soluble form. 
The enzyme cannot be solubilized by simple extrac- 
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tion procedures or by methods which are known to 
be effective in rupturing the enveloping membranes 
of the particulate components of the liver cell. 

2. Treatment of fresh liver microsomes, or 
acetone-dried whole rat liver, with crude pancreatic 
enzyme preparations in the presence of the non- 
ionic detergent Lissapol-N effectively solubilizes 
arylsulphatase C, although some loss of enzyme 
activity occurs. Similar treatment with crystalline 
trypsin in the presence of Lissapol-N results in con- 
siderable destruction of arylsulphatase C and is 
ineffective in solubilizing the enzyme. 

3. The final soluble preparation of arylsulphatase 
C is unstable at room temperature and still contains 
traces of rat-liver arylsulphatases A and B. 

This work was aided by apparatus grants from the Royal 
Society, the Medical Research Council and Imperial 
Chemical Industries Ltd. One of us (F.A.R.) is grateful to 
the Medical Research Council for a studentship. 
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Studies on Sulphatases 


17. THE ACTION OF SURFACE-ACTIVE AGENTS ON THE ARYLSULPHATASE C 
OF RAT LIVER 


By K. 8S. DODGSON, F. A. 
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Arylsulphatase C of rat-liver microsomes cannot 
readily be obtained in solution. Attempts to 
solubilize this enzyme have been reported in the 
preceding paper (Dodgson, Rose & Spencer, 1957), 
a soluble preparation finally being obtained by 
incubating microsomes with pancreatic prepara- 
tions in the presence of the synthetic non-ionic 
surface-active agent, Lissapol-N. 

During these investigations it was noted that a 
number of surface-active agents were apparently 
capable of solubilizing arylsulphatase C and, in 
view of the several interesting phenomena observed, 
this work has been considered separately. A pre- 
liminary account of the work has already appeared 
(Spencer, Dodgson, Rose & Thomas, 1955). 


* Present address: Wernse Cancer Laboratories, Wash- 
ington University, St Louis, Mo. 

+ Present address: Lister Institute of Preventive 
Medicine, Chelsea Bridge Road, London, 8.W. 1. 


EXPERIMENTAL 


Acetone-dried rat liver. Fresh rat liver (50 g.) was macer- 
ated for 3 min. in a Townson and Mercer macerator with 
300 ml. of acetone at 0°. The macerated material was filtered 
at the pump and the filter cake immediately re-macerated 
with a further 300 ml. of acetone at 0°. After filtering at the 
pump the filter cake was washed with three 300 ml. portions 
of cold acetone, sucked dry at the pump, and broken up and 
dried in vacuo. The dried powder was sieved (40-mesh) in 
order to remove connective tissue. 

Assay of arylsulphatase C. The methods of assay were 
those employed previously (Dodgson et al. 1957), potassium 
p-nitrophenylsulphate (NPS) and p-acetylphenylsulphate 
(APS) being used. The activities of fresh whole-liver sus- 
pensions were measured with APS, and those of microsomes 
and acetone-dried powders were assayed with NPS. The 
surface-active agents did not hydrolyse these substrates 
under the conditions of assay and did not interfere with the 
recovery of the phenols which were liberated as a result of 
enzyme action. 
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Surface-active agents. Lissapol-N, an alkylarylpolyethoxy 
alcohol (Imperial Chemical Industries Ltd.), Sterox S.E., 
a polyoxyethylene thio ether (Monsanto Chemicals Ltd.) 
and Triton WR-1339, the concentrated form of Triton A-20 
(Rohm and Hass Ltd.) are non-ionic surface-active agents. 
Teepol 530, a mixture of the sodium salts of sec.-alkyl 
sulphates (Shell Chemicals Ltd.), sodium dodecyl! sulphate 
(L. Light and Co.) and cholic acid are anionic detergents. 
Cetylpyridinium bromide (L. Light and Co.) and cetyltri- 
methylammonium bromide (British Drug Houses Ltd.) are 
cationic agents. 

Measurement of the solubilizing effect of surface-active 
agents. Water suspensions of fresh or acetone-dried whole 
liver, or of microsomes isolated by the method of Schneider 
(1948), were made with a glass homogenizer. An aqueous 
solution of the detergent, of twice the concentration 
required, was adjusted to pH 7-0 with NaOH or acetic acid 
and added to an equal volume of the tissue suspension at 4°. 
A portion of the mixture was withdrawn for arylsulphatase 
C assay, and the remainder was centrifuged at 25000 g at 
0° for 30 min. The amount of arylsulphatase C in solution 
was then assessed by comparing the enzyme activity of the 
uncentrifuged mixture with that of the centrifuged super- 
natant. The arylsulphatase activity of the untreated tissue 
suspensions was also measured in order to assess the degree 
of inhibition or activation resulting from the detergent 
treatment. 


RESULTS 
Effect of non-ionic surface-active agents 


The effect of Lissapol-N on the activity and solu- 
bility of the arylsulphatase C of acetone-dried rat 
liver is shown in Fig. 1. For reasons which will sub- 
sequently be apparent, in this and all other figures 
the effect of the detergent on the activity and solu- 
bility of the enzyme has been plotted against the 
logarithm of the detergent concentration. At low 
concentrations of detergent little enzyme was 
released into solution, but as the concentration of 
detergent was increased there was a sharp rise in the 
solubility of the arylsulphatase to a maximum of 
about 85 % of the total enzyme present. The degree 
of solubilization was not dependent on the period of 
contact of the enzyme with the detergent, and no 
further increase in solubility occurred after incuba- 
tion of acetone-dried liver for 3 hr. at 37°, with 
a concentration of detergent which immediately 
solubilized 30% of the total enzyme present. Pro- 
longed centrifuging (3 hr. at 25000 g and 0°) of the 
soluble material prepared by Lissapol-N treatment 
failed to sediment any arylsulphatase C. The concen- 
tration of Lissapol-N necessary to achieve maximum 
solubility of the arylsulphatase varied with the 
concentration of the tissue suspension. The solu- 
bilization of the arylsulphatase was accompanied 
by an increase in enzyme activity, the shape of the 
two curves (Fig. 1) showing a high degree of corre- 
spondence. Non-ionic surface-active agents are 
incapable of electrostatic interaction with proteins 
(Glassman, 1950), and it seems probable that the 
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activation of arylsulphatase C by Lissapol-N is 
simply due to increased dispersion of the enzyme. 
When present in dilute solution detergents are 
considered to exist as simple ions or molecules, but 
in higher concentrations the ions or molecules 
associate to form colloidal aggregates which are 
known as micelles (Hartley, 1936; McBain, 1944). 
Micelle formation occurs rather abruptly when a 
certain critical concentration (the critical micelle 
concentration) of detergent is exceeded and is 
associated with marked changes in the physical 
properties of the detergent solution (McBain, 1944). 
Within recent years it has been shown, in a number 
of cases, that abrupt changes in the behaviour of 
detergent-treated biological systems can also often 
be correlated with detergent-micelle formation. 
Thus Hughes (1950), during a study of the effects of 
detergents on the rate of decarboxylation of gluta- 
mate by intact cells and extracts of Clostridium 
welchii, showed that the marked increase in enzyme 
activity which was observed above certain detergent 
concentrations occurred simultaneously with the 
formation of detergent micelles. More recently, 
Cowgill (1955) has related the activation or inhibi- 
tion of rabbit-muscle phosphorylase by various 
detergents to detergent micelle formation. In suci 
cases, when the extent of the effect of detergent on 
the particular property under investigation is 
plotted against the logarithm of the detergent con- 
centration, sigmoid curves similar to those shown in 
Fig. 1 are obtained. Other examples of similar 
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Fig. 1. Effect of Lissapol-N on the solubility and activity of 


the arylsulphatase C present in an aqueous suspension 
(final concentration 0-3 %) of acetone-dried rat liver. 
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sigmoid curves are to be found in the works of Scott 
& Tartar (1943) and Ralston (1946), in which the 
effects of detergent concentration on the surface 
tension and electrical conductivity of detergent 
solutions have been studied. 

Lissapol-N similarly solubilized the arylsul- 
phatase C of fresh whole-liver suspensions and 
suspensions of freshly prepared microsomes, the plot 
of solubility or activation of the enzyme against the 
logarithm of the concentration of the detergent 
showing the typical sigmoid shape in each case. In 
contrast to the 85% solubilization achieved with 
the acetone-dried liver (Fig. 1), the arylsulphatase C 
of fresh tissues was completely solubilized by Lissa- 
pol-N treatment. Repeated treatment of liver 
preparations with acetone resulted in a progressive 
decrease in the amount of arylsulphatase C which 
could subsequently be solubilized. 

Sterox S.E. solubilized the arylsulphatase C of 
fresh and acetone-dried rat liver, the solubility 
curves again being sigmoid in character and similar 
to those obtained with Lissapol-N. The arylsul- 
phatase C present in 1 g. of fresh liver was com- 
pletely solubilized by 0-02 g. of Sterox S.E. Both 
Lissapol-N and Sterox S.E. are haemolytic surface- 
active agents. Glassman (1950) has shown that 
Triton A-20, a non-ionic detergent, is non-haemo- 
lytic, and its effect on the solubility of rat-liver 
arylsulphatase C was therefore studied. Triton 
WR-1339 (the concentrated form of Triton A-20), 
even in concentrations as high as 5 g./g. of fresh 
liver/100 ml. of water, failed to solubilize the 
enzyme. At the highest concentration used, an 
apparent solubilization of 12% of the enzyme 
activity was achieved, but this figure was reduced to 
2% by centrifuging for 3hr. at 25 000g; this 
suggests that the apparent 12% solubilization 
originally observed was due to failure to sediment 
the insoluble enzyme from the concentrated 
detergent—tissue suspension mixture of such high 
specific gravity. Incubation of fresh liver with 
Triton WR-1339 for 3 hr. at 37° did not solubilize 
arylsulphatase C, and addition of an aqueous solu- 
tion of Triton WR-1339 (5%, w/v) to a 1% (wet 
wt./v) suspension of fresh liver containing sufficient 
Lissapol-N to solubilize 50 % of the enzyme did not 
increase the degree of solubilization. The reason for 
the failure of Triton WR-1339 to solubilize aryl- 
sulphatase C is not clear; possibly detergent 
micelles are absent even at the high concentration 
of detergent used. 


Effect of cationic surface-active agents 
Fig. 2 shows that the solubilization of the aryl- 
sulphatase C of acetone-dried rat liver by cetyl- 
pyridinium bromide also occurred abruptly as the 
concentration of detergent was increased. Again 
a sigmoid solubility curve was obtained. With cety1- 
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pyridinium bromide it was possible to determine the 
critical micelle concentration in the tissue sus- 
pension—detergent mixture by making use of an 
observation of Hartley (1923), who noted the 
ability of surface-active agents, when present in 
concentrations greater than the critical micelle 
concentration, to change the colour of certain 
indicator solutions without affecting the pH. The 
method of Hughes (1950) was modified slightly. 
Tissue suspensions containing varying amounts of 
detergent were prepared in 0-1M-acetate buffer at 
pH 4-0, and 4 ml. portions of the various suspensions 
were then treated with two drops of 0-4% aqueous 
methyl orange. A resultant bright canary-yellow 
colour indicated the presence of micelles. Fig. 2 
shows that the critical micelle concentration found 
by this method coincided with the sharp rise in 
solubility of arylsulphatase C. 

The maximum solubilization of the arylsul- 
phatase C of acetone-dried liver, which was achieved 
by treatment with cetylpyridinium bromide, was 
approximately 85 % (Fig. 2), but in the fresh liver 
suspensions complete solubility could be obtained. 
Solubilization was accompanied in both cases by 
enzyme activation (30%) (ef. Fig. 2) and this can 
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probably be attributed to dispersion of the enzyme. 
Cetyltrimethylammonium bromide also solubilized 
the arylsulphatase C of acetone-dried liver to the 
extent of about 85%. 

When present in concentrations much greater 
than the critical micelle concentration, cetyl- 
pyridinium bromide inhibited the arylsulphatase 
and, of the arylsulphatase activity remaining, less 
was now present in soluble form. The enzyme could 
be protected to varying degrees against the inhibi- 
tion by the addition of different concentrations of 
inert protein (boiled rat-liver suspension) before 
detergent treatment. If inert protein was added 
after detergent treatment then less protection was 
afforded, the degree of protection decreasing with 
increasing delay in the addition of the inert protein. 
Inert protein added 1-5 hr. after the commencement 
treatment 
against the inhibition. It seems clear that the 
inhibiting effect of high concentrations of cetyl- 
pyridinium bromide can be attributed to denatura- 


of detergent afforded no protection 


tion of enzyme protein. Cationic detergents when 
present in high concentrations are known to de- 
nature proteins (Putnam, 1948). 


Effect of anionic surface-active agents 


Teepol 530 strongly inhibited arylsulphatase C 
but at the same time solubilized the enzyme 
(Fig. 3). Maximum solubilization of the aryl- 
sulphatase C of acetone-dried liver was achieved 
with a Teepol 530 concentration which caused 
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Fig. 3. Effect of Teepol 530 on the solubility and activity 


of the arylsulphatase C present in an aqueous suspension 
(final concentration, 0-3%) of acetone-dried rat liver. 
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80% inhibition of the activity obtained in the 
absence of detergent. The solubilization curve 
showed the sigmoid shape associated with micelle 
formation, but inhibition commenced with very 
low concentrations of Teepol 530 and was obviously 
due to the ionic form of the detergent. 

Sodium dodecyl sulphate showed the same solu- 
bilization and activation pattern as Teepol 530. 
Thus 87% solubilization of the remaining aryl- 
sulphatase C was achieved with the loss of 83 % of 
the original activity. Inhibition by both Teepol 
530 and sodium dodecyl sulphate could be reduced 
to some extent (10-20 %) by adding inactive protein 
(boiled-enzyme suspension) to the detergent- 
enzyme mixture. Delay in the addition of the 
boiled suspension up to a period of 90 min. after the 
preparation of the detergent-enzyme mixture did 
not decrease the protective power of the boiled 
suspension. This suggested that inhibition by both 
detergents was reversible. 

Solubilization of arylsulphatase C which was 
associated with micelle formation and inhibition of 
the enzyme by the detergent ion was also achieved 
with sodium cholate (Fig. 4). The inhibition by 
cholate was different from that obtained with 
Teepol 530 and sodium dodecy! sulphate in that it 
did not proceed to completion but reached a limiting 
value of about 80%. This value was reached at a 
concentration of cholate with which maximum 
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solubilization of the arylsulphatase had been 
achieved and, at this point, free micelles unattached 
to protein were presumably present in the tissue— 
detergent mixture. Under conditions where micelle 
formation is complete, further addition of surface- 
active agent does not increase the concentration of 
detergent ion, and thus inhibition by cholate does 
not increase. With Teepol 530 (Fig. 3) and sodium 
dodecyl sulphate, complete inhibition of the aryl- 
sulphatase was achieved in spite of the fact that 
solubilization of the arylsulphatase had reached 
a maximum (and micelle formation was therefore 
presumably complete) at concentrations of these 
detergents which inhibited to the extent of only 
85%. It must be assumed that the further inhibi- 
tion which occurs with these two detergents after 
micelle formation is complete is due to denaturation 
of the enzyme by the high concentrations of surface- 
active agent, or alternatively to inhibition by the 
detergent micelles. 

The inhibition of arylsulphatase C by the ions of 
the anionic detergents was shown to be competitive 
by the method of Hunter & Downs (1945). In this 
method, the fractional activity given in the presence 
of inhibitor (of molar concentration [/]) is denoted 
by «, and the plot of [7] x «/(1—«) against [/S], the 
substrate concentration, is a straight line parallel to 
the abscissa when inhibition is non-competitive, and 
an ascending straight line which cuts the ordinate 
axis at a value equal to K,; when inhibition is com- 
petitive. Both Teepol and sodium dodecy] sulphate 
ions were competitive inhibitors, but the apparent 
values of the enzyme—inhibitor complex dissociation 
constant K, derived from the graphs had no 
significance owing to the binding of unknown 
amounts of detergent ions by the relatively large 
amounts of inactive protein present in the tissue 
preparations. 


State of arylsulphatase C after detergent treatment 

Strictly the solubilization of an enzyme by a 
detergent can only be considered to have been 
achieved if the enzyme remains in solution after 
complete removal of the detergent. 

After solubilizing the arylsulphatase C of acetone- 
dried rat liver with Lissapol-N and removing in- 
soluble material by centrifuging, the clear super- 
natant was fractionally precipitated with (NH,),SO,. 
The major portion (70%) of the activity was pre- 
cipitated at 20% saturation and this fraction was 
suspended in water and dialysed overnight against 
running tap water. The enzyme activity of this 
preparation was completely in solution and could be 
reprecipitated with (NH,),SO, and subsequently 
redissolved in water. However, the final enzyme 
solution showed excessive frothing on stirring, thus 
indicating the presence of detergent. In order to 
remove the Lissapol-N completely the arylsul- 
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phatase was precipitated by treatment of the solu- 
tion with acetone at 0° until the acetone concentra- 
tion was 80 % (v/v). The arylsulphatase activity of 
the acetone-dried powder obtained was completely 
insoluble. Treatment with acetone of both non-ionic 
and cationic detergent-solubilized preparations of 
the enzyme, which had not been previously pre- 
cipitated by (NH,).SO,, gave similar results. 
Inadequate washing with acetone during the pre- 
paration of such acetone-dried powders sometimes 
resulted in a material containing a certain amount of 
soluble enzyme which, however, became insoluble 
after further washing with acetone. The arylsul- 
phatase activity of detergent-free powder could not 
be obtained in solution by treatment with 0-5m- 
acetate buffers (pH 4~7), 0-2m-phosphate buffers 
(pH 7-5-9-5), or after treatment with n-butanol 
(Morton, 1955). It was evident that the reappear- 
ance of insoluble enzyme material after the acetone 
treatment of the detergent-solubilized arylsul- 
phatase could be attributed to the removal of 
detergent rather than to any denaturating effect 
of the acetone, since the enzyme could again be 
solubilized by non-ionic or cationic surface-active 
agents. The solubilization curve again showed the 
with detergent— 
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sigmoid character associated 


micelle formation. 


DISCUSSION 


At least two different mechanisms have been recog- 
nized by which enzymes and other proteins can be 
brought into solution by the action of detergents. 
Thus some enzymes which are contained within 
a membrane, such as that of the cell or of the con- 
stituent mitochondria or microsomes, are dissolved 
in the medium employed when the restricting 
membrane is disrupted by the action of a detergent. 
The sulphatase activity of rat-liver mitochondria 
towards dipotassium 2-hydroxy-5-nitrophenyl sul- 
phate (action of arylsulphatases A and B, ef. 
Dodgson & Spencer, 1957), and the acid phos- 
phatase of such particles, can be released into solu- 
tion after the rupture of the mitochondrial mem- 
brane by mechanical means, alternate freezing and 
thawing or acetone-drying (Viala & Gianetto, 1955; 
Dodgson, Spencer & Thomas, 1955). Triton X-100, 
a non-ionic surface-active agent, also releases these 
enzymes, presumably by breaking the membrane. 
It is clear that reaction between enzyme and 
detergent is not an integral part of solubilization 
of enzymes by this mechanism and the enzyme 
remains in solution after the removal of detergent. 

A second mechanism depends on the ability of 
certain ionic surface-active agents to rupture pro- 
tein—protein and protein—lipid linkages (Putnam, 
1948). In those cases where an enzyme or other 
protein exists as an Insoluble conjugated complex 
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the dissociating action of detergents often results in 
the release of the enzyme in a soluble form. In this 
type of solubilization appreciable enzyme inhibition 
or activation may occur as a result of the interaction 
of charged detergent and enzyme complex. Once 
the complex has been dissociated the presence of 
surface-active agent is no longer necessary in order 
to retain the enzyme in solution. Thus the acetyl- 
cholinesterase of haemolysed human red cells was 
solubilized by the use of Tween 20 (polyoxyethylene 
sorbitan monolaurate) and remained in solution 
after the removal of the detergent with acetone. The 
acetylcholinesterase normally exists as an insoluble 
lipid—protein complex and the release of the enzyme 
was assumed to have involved dissociation of the 
complex by the detergent (Zittle, Dellamonica & 
Custer, 1954). 

Neither of the two mechanisms mentioned above 
appears to be involved in the solubilization of the 
arylsulphatase C of rat-liver microsomes, since the 
continued presence of surface-active agent is 
necessary in order to retain the enzyme in solution. 
Moreover, the dissociation of a lipid—protein or 
similar complex is unlikely to occur with a non- 
ionic detergent such as Lissapol-N (cf. Morton, 
1955). The salient points of the solubilization of 
arylsulphatase C are that solubilization is closely 
associated with micelle formation by the detergent 
and that the enzyme is held in solution only if 


detergent is present. These events strongly suggest 
that the formation of a soluble micelle-enzyme 
complex occurs. Klevens (1950) has discussed the 


problem of solubilization involving detergent 
micelles and has correlated the results of a large 
number of investigators, the majority of whom, 
however, were studying the effect of detergents on 
non-biological materials. He concludes that such 
solubilization could occur in three possible ways: by 
adsorption of the insoluble material by the micelle, 
usually on or near the detergent—water interface; 
by incorporation of the insoluble material into the 
hydrocarbon centre of the micelle, or by penetration 
into the palisade layer of the micelle. Adsorption of 
insoluble material by the micelle can probably be 
ruled out in the present case since it appears to be 
applicable to the solubilization of compounds of 
low molecular weight only. It is not possible to say 
which of the two remaining mechanisms might 
apply to the present case and such a decision can 
only be made after X-ray measurement of the 
detergent—enzyme complex. 

Further examples of solubilization procedures 
which involve detergent micelles would appear to be 
the solubilization of alkaline phosphatase by bile 
salts (Mathies, 1951) and glucose 6-phosphatase by 
sodium deoxycholate (Beaufay & de Duve, 1954). 
Although in these two cases micelle formation was 
not measured it seems justifiable to include them in 
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the present category since a soluble preparation, 
free from detergent, could not be obtained. 


SUMMARY 


1. The arylsulphatase C of rat-liver microsomes 
was solubilized by cationic and non-ionic surface- 
active agents, solubilization being accompanied by 
activation of the enzyme. Both the solubilizing and 
activating effects were associated with micelle 
formation by the detergents. 

2. Anionic surface-active agents in the ionic 
form acted as strong competitive inhibitors of the 
enzyme but solubilization of the remaining activity 
was achieved and was associated with micelle 
formation by the detergent. 

3. In all cases the solubilized arylsulphatase C 
became insoluble on removal of the detergent. 


This work was aided by apparatus grants from the Royal 
Society, the Medical Research Council and Imperial 
Chemical Industries Ltd. We are grateful to Monsanto 
Chemicals Ltd., Rohm and Haas Ltd. and I.C.I. Ltd. for 
generous gifts of detergents. One of us (F.A.R.) is grateful 
to the Medical Research Council for a studentship. 


REFERENCES 

Beaufay, H. & de Duve, C. (1954). Bull. Soc. Chim. biol., 
Paris, 36, 1551. 

Cowgill, R. W. (1955). Biochem. biophys. Acta, 14, 583. 

Dodgson, K.8., Rose, F. A. & Spencer, B. (1957). Biochem. J. 
66, 357. 

Dodgson, K.8. & Spencer, B. (1957). Methods in Biochemical 
Analysis, vol. 4. New York: Interscience Publishers Inc. 
(in the Press). 

Dodgson, K.S., Spencer, B. & Thomas, J. (1955). Biochem.J. 
59, 29. 

Glassman, H. N. (1950). Science, 111, 688. 

Hartley, G. 8S. (1923). T'rans. Faraday Soc. 30, 444. 

Hartley, G. S. (1936). Aqueous Solutions of Paraffin-chain 
Salts. Paris: Harman et Cie. 

Hughes, D. E. (1950). Biochem. J. 46, 231. 

Hunter, A. & Downs, C. E. (1945). J. biol. Chem. 157, 427. 

Klevens, H. B. (1950). Chem. Rev. 47, 1. 

McBain, J. W. (1944). In Colloid Chemistry, vol. 5, p. 102. 
By Alexander, J. New York: Reinhold. 

Mathies, J. C. (1951). Biochim. biophys. Acta, 7, 387. 

Morton, R. K. (1955). Methods in Enzymology, vol. 1, p. 25. 
New York: Academic Press Inc. 

Putnam, F. W. (1948). Advanc. Protein Chem. 4, 79. 

Ralston, A. W. (1946). Ann. N.Y. Acad. Sci. 46, 351. 

Schneider, W. C. (1948). J. biol. Chem. 176, 259. 

Scott, F. B. & Tartar, H. V. (1943). J. Amer. chem. Soc. 65, 
692. 

Spencer, B., Dodgson, K. 8., Rose, F. A. & Thomas, J. 
(1955). Résumés des Communications, 3rd Int. Congr. 
Biochem., Brussels, p. 28 (4-20). 

Viala, R. & Gianetto, R. (1955). Canad. J. Biochem. Physiol. 
33, 839. 

Zittle, C. A., Dellamonica, E. 8. & Custer, J. H. (1954). 
Arch. Biochem. Biophys. 48, 43. 








